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ABSTRACT 
A large and/or long-term released source of a toxic chemical(s) can cause adverse 
effects to humans and non-human species inhabiting all over the region. The overall goal 
of this dissertation was to improve practices in risk assessment concerning a regional risk 
posed by a prospective source. A generic conceptual framework for performing regional 
prospective human health and ecological risk assessment was developed. The formulation 
of a priori considerations was used to identify the possible sources of uncertainties in the 
prospective risk assessment. Physiologically based pharmacokinetic (PBPK) modeling 
was utilized to reduce uncertainty in a toxicologically safe dose used in risk assessment.  
The toxicologically safe doses for methylmercury to neurological impairment for 
dugongs (Dugong dugon) and human populations in Thailand were derived based on a 
no-observed adverse effect level (NOAEL) in rats (0.1 mg/kg/day). The intra- and inter-
extrapolations by the PBPK models resulted in the oral NOAELs of 9.75 µg/kg/day for 
the dugongs and ranging from 3.0 to 3.9 µg/kg/day or 111 to 197 µg/day for Thai males 
and females of age 11 to 100 years old. The NOAELs for humans of age 1 to 10 years old 
to neurodevelopmental effects, extrapolated from the NOAEL of 0.05 mg/kg/day in rats, 
were ranging from 1.9 to 3.7 µg/kg/day or 34 to 61 µg/day. By applying the uncertainty 
factor 3, for the intra-species variability in pharmacokinetics and pharmacodynamics, the 
oral safe doses for methylmercury were suggested to be 3.25 µg/kg/day for dugongs, 1.0 
µg/kg/day for non-pregnant humans of age 11 to 100 years old, and 0.5 µg/kg/day for 
humans of age 1 to 10 years old and the pregnant adults.   
 ii
A demonstrated case of a regional prospective risk assessment of mercury from a 
hypothetical coal-fired power plant in Thailand was conducted. The assessment returned 
the following predictions. (1) The current contaminations of mercury in the Map Tha 
Phut (MTP) Bay, located at the upper part of the Gulf of Thailand, may not cause the bay 
likely to be at risk from mercury toxicity, based on the inorganic mercury (Hg2+) risks to 
the phytoplankton (the hazard quotient, HQ = 0.1) and the juvenile fish (HQ = 0.01). (2) 
The prospective hypothetical coal-fired power plant of capacity 1,400 megawatts may 
cause the deposition of the emitted Hg2+ approximately 50 μg/m2/yr to the bay and may 
increase about to 100 and 150 μg/m2/yr once the plant expands its capacity to 2,800 and 
4,200 megawatts, respectively. (3) These deposited Hg2+ could cause the water in the bay 
increase in Hg2+ 0.2, 0.4, and 0.6 ng/L, or 0.44, 0.88, and 1.32 %, and methylmercury, 
from the methylation of the Hg2+, 0.04, 0.08, and 0.12 ng/L, or 0.74, 1.49, and 2.23 %, 
respectively. (4) The three scenarios of prospective contaminations in the study bay will 
possibly not cause the bay to be at risk (HQ = 0.140, 0.141, and 0.142, respectively). (5) 
Based on the mercury risks to the supposed seagrasses (the Hg2+-based HQ = 3x10-6), and 
dugongs (the methylmercury-based HQ = 0.006), the ‘dugongs return home’ in and near 
the MTP Bay is possible. (6) The prospective contaminations of methylmercury in fish 
and shellfish in the study bay possibly will not put the seafood consumed humans at risk 
from neurological adverse effects (HQs = 0.08 to 0.21 in youngs, 0.12 to 0.13 in adults). 
(7) However, the approximations of Hg2+ and methylmercury in the study bay were based 
on the modeling in which the advection and dispersion effects have been neglected; thus 
further studies on these issues and other site-specific data can improve the predictions. 
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CHAPTER ONE 
INTRODUCTION  
 
Prospective Source and Regional Risk 
The release of toxic chemicals resulting from anthropogenic activity can cause 
health problems to humans and non-human species living nearby (Bishop, 2000; Covello 
and Merkhofer, 1993; Suter, 1993). A large prospective source with a continuous long-
term release of a pollutant such as a coal-fired power plant has been considered and 
assessed for the possible impacts and risks on a regular basis since 1980s (e.g., U.S. EPA, 
1979; U.S. DOE, 1984).  Even though human health has been most frequently evaluated, 
some wildlife species are also of concern and have received increasing attention. 
Additionally, attention has been directed toward development of methods for regional 
risk assessment (e.g., Hunsaker et al., 1990; Landis and Wiegers, 1997). 
 A ‘region’ here refers to a spatial area potentially affected by a chemical released 
from a certain source of interest. Suter (1993) has described ‘region’ as a spatial grouping 
of ecosystems that can be bounded by any natural features of the area such as watershed, 
airshed, air basin,  physiographic province, and the range of populations of concern. A 
regional risk, therefore, is the combination of risks to all ecosystems in the area.  
A regional risk can be of more concern once a new large source is anticipated to 
be sited in the crowded area, such as an industrial estate.  In this instance, three kinds of 
potential risks must be clearly identified: (1) the incremental risk posed by the new 
source, (2) the current risk due to the existing sources, and (3) the total prospective risk 
  2
from every source. Knowing risk beforehand could be helpful in reducing a regional risk 
in advance. 
 
Some Difficulties in Risk Assessment Practice 
 Risk assessment is a process to predicting all kinds of risks mentioned previously. 
Still, several difficulties have been found in the real-world practice of risk assessment 
which can lessen the reliability of risk results. Three such difficulties were concentrated 
on in this study: the independence of frameworks of risk assessment, choices of selecting 
models and model inputs, and the true purpose of doing risk assessment.      
Independent Frameworks 
 Currently, human health risk assessment (HHRA) and ecological risk assessment 
(ERA) are relatively independent. The first recognized HHRA framework was developed 
in 1983 by the Nation Research Council, United States of America (NRC, 1983). The 
first ERA framework was proposed by the United States Environmental Protection 
Agency in 1992 (U.S. EPA, 1992a; 1998a). In an attempt to assess risks for humans and 
non-human species dwelling in the same region by following these two conventional 
frameworks, an assessor has to perform the HHRA separately from the ERA.  
Choice of Models and Model Inputs 
 There are several choices open to a risk assessor with regard to mathematical and 
computational models. Difficulties could occur when faced with a decision regarding the 
most suitable model. Example given herein is the selection between plume-based and 
puff-based air dispersion models. The plume-based models are such as the ISCST3 
  3
(Industrial Source Complex Short Term version 3) (U.S. EPA, 1995a) and the AERMOD 
(American Meteorological Society and Environmental Protection Agency Regulatory 
Model) (U.S. EPA, 2004a).  The CALPUFF (California Puff) model which is developed 
by the private firm Earth Tech Inc., and adopted by the U.S. EPA (Earth Tech Inc., 2000; 
U.S. EPA/ TTNWeb, 2006) is an example of a puff-based air dispersion model. Both 
plume-based and puff-based models are capable of predicting a short-term contaminant 
concentration. An assessor has to decide to choose one of which is most appropriate to 
the purpose at hand. Failure to select the right one can cause errors in risk estimation 
which may be hard to quantify. The input data can also produce uncertainty in the risk 
assessment if the data are not from the sited area. Oftentimes site-specific data are not 
available; a choice of choosing the proper data for risk parameters has to be made.    
The Purpose 
A typical toxicological risk assessment is aimed at the protection of human health 
and non-human species (WHO, 1999; U.S. EPA. 1992a). Accordingly, even if a specific 
safe level of a toxic chemical to a specified species (e.g., the no observed adverse effect 
level, NOAEL) has been identified, a recommended safe dose is customarily lower than 
the NOAEL. This is because the original safe level has been divided by a safety factor or 
uncertainty factors in order to make sure that the recommended dose is safe enough to all 
individuals including the sensitive ones. (Gaylor et al., 1997; U.S. EPA, 2002a; Baynes, 
2004). Uncertainty factors have been applied differently from agency to agency.   
However, some kinds of risk assessments are not conducted in order to protect the 
receptor species but to clean up the toxic substance in the area or ecosystem, such as risk 
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assessment of a hazardous waste site and risk assessment of a contaminated lake. In this 
instance, an overestimated risk may be detrimental because it will entail unnecessary 
clean-up costs, and the recommended safe dose seems not to be a perfect tool.  
Clewell et al. (2000) derived another reference dose (RfD) for methylmercury 
specific to fish-eating human populations in order to apply in risk assessment for the 
remediation of mercury in the Lavaca Bay in Texas, from mercury-containing wastewater 
discharged to the bay in the past by one industrial company. The new RfD for 
ethylmercury derived by Clewell et al. (2000) contains uncertainty factor of 3 instead of 
10 as in the RfD for methylmercury derived by the U.S. EPA. (U.S. EPA, 1995; 2001).  It 
is implied from this case that once risk assessment is intended to use for a remediation of 
a toxicant, less conservative estimates of risk are used to avoid the high costs of cleanup.     
Therefore, different goals in doing risk assessment can cause divergent practices 
among risk assessors. How can risk assessment serve both cost-effective investment and 
conservative protection in one mission without bias? This is a significant issue, especially 
when risk communication has to be done to the public and the fairness to all stakeholders 
has to be verified in order to preserve reliability in risk assessment.  
 
 ‘Integration’ and ‘Base Estimate’  
  Two common concepts were utilized in this study to deal with difficulties in risk 
assessment practice and a lack of attention to regional risk previously mentioned. The 
first concept is the ‘integration’ of all critical issues into one frame of consideration. The 
other concept is a ‘base estimate’ risk assessment or risk outcome.   
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‘Integration’ 
  Concern about risks posed by a proposed source to humans and non-human 
species inhabiting in and around the sited area was the first issue of consideration. 
Humans and other species are dependent to each other in several manners, especially a 
producer-consumer relationship in a food web (Townsend et al., 2003). Therefore, risks 
to the primary producers, other non-human species, and humans were considered jointly 
in regional assessment. 
 Another concern is the increase in risk after the new installation combined with 
risk from existing sources in the area. The incremental risk can be reduced beforehand if 
it is, from the assessment, higher than the acceptable level and the owner of a new source 
is the one who must take responsibility in decreasing this risk. Current or background 
risks from the existing sources should be managed by the local authority. These two 
kinds of risk, incremental and current risks, ought to be separately shown in the same 
frame of integration. This can also help in making scientifically based and emotion-free 
risk communication.  
‘Base Estimate’ 
  ‘Base estimate’ in this study referred to risk estimation procedures designed to 
eliminate as much uncertainty as possible. It is unlikely to that all uncertainties in 
practice can be eliminated; however, if the uncertainty from each process of risk 
assessment can be identified by an assessor and can be recognized by a reviewer or 
independent party, the estimated risk can be readily understood because it is explicitly 
presented.  
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   In addition, if uncertainty in the estimated risk can be reduced, this will enhance 
the recognition of advantages of conducting a risk assessment. This study used ‘a priori 
considerations’ approach to achieve a ‘base estimate’ of risk. The ‘a priori 
considerations’ process is the formulation of possible scenarios that could be used in 
conducting a risk assessment. Methods or assumptions that could be used and situations 
that could be involved were considered herein as the scenarios.  Once information 
regarding the scenarios has been formulated, the uncertainty due to the method used and 
situation involved could be identified and possibly reduced. 
  The estimated risk from a ‘base estimate’ risk assessment provides a basis for 
solving problems concerning the specific purpose of a risk assessment. In situations 
where a more precautionary approach is warranted, additional safety can be added (e.g., 
by the use of uncertainty factors). In situations where less conservative risk estimates are 
appropriate, such as costly clean-up or remediation activities, the ‘base-estimate’ can be 
applied with a smaller or no additional boundary of safety.Moreover, this approach could 
promote public participation and fairness to all parties since the extra safety can be 
added, or refused, as desired by the locality. The extra safety, i.e., the level of uncertainty 
via uncertainty factors, however, should be primarily suggested by scientific experts. This 
practice, finally, could enhance the transparency of risk assessment and weaken an 
accusation of a ‘fantasy’ of risk assessment (as mentioned in, for example, literature 
topics of Houk, 1992 and Kreb, 2005). Figure 1.1 illustrates the utilization of a ‘base 
estimate’ risk to serve a specific goal. 
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Base Estimate  Extra Safety as Needed + 
Base Estimate  
Goal 2 
(e.g., to conserve species) 
Goal 1 
(e.g., to clean up the site) 
Expert Judgment  Public Participation  
 
Figure 1.1      Utilization of a ‘base estimate’ risk for a specific goal.  
            Note: Expert judgment and public participation will refine the base estimate  
                      for a specific site and situation. 
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Objectives of the Overall Study 
 Based on the ‘integration’ and ‘base estimate’ concepts, four objectives were 
chosen to facilitate a regional prospective human health and ecological risk assessment 
while reducing the previously mentioned difficulties in risk assessment practice. The four 
objectives of the overall study were as follows.  
1. To develop a conceptual framework specific to the regional prospective human health 
and ecological risk assessment problem at hand (Chapter 2). 
2. To formulate a priori considerations for risk assessment of mercury emitted from a 
typical coal-fired power plant and state the choices made for a study power plant in 
order to identify sources of uncertainties (Chapter 2). 
3. To use physiologically based pharmacokinetic (PBPK) modeling in the derivation of 
toxicologically safe doses in order to reduce uncertainty in risk assessment. The safe 
doses for methylmercury for dugongs (Dugong dugon) and for Thai human males and 
females were derived by interspecies extrapolation using the model and laboratory 
data for the rat (Chapter 3) 
4. To demonstrate prospective mercury risks to marine phytoplankton, fish, seagrasses, 
dugongs, and fish-eating Thai humans from a hypothetical coal-fired power plant 
(Chapter 4). 
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Outline of the Overall Study 
 After the two main research problems, i.e., regional risk from a prospective source 
and difficulties in risk assessment practice, were expressed, two basic ideas were applied 
to deal with these problems: the ‘integration’ and a ‘base estimate.’  The important issues 
were integrated into a single framework for performing risk assessment aimed toward the 
implementation of sustainable development strategy. Details of the developed framework 
are described in Chapter 2.  The developed framework is a generic conceptual framework 
that can be utilized for various prospective projects.     
 The a priori considerations or the alternative methods and input data available for 
the risk assessment were formulated in Chapter 2 to identify sources of uncertainty. In 
addition, PBPK modeling was used to reduce uncertainty in risk assessment, precisely, to 
exclude the uncertainty factor for the interspecies extrapolation or a UF1. PBPK models 
were developed for the prediction of the NOAELs of methylmercury for the dugongs and 
for Thai humans and the predicted NOAELs were then used to derive the safe doses for 
methylmercury for both species without using the uncertainty factors. Details on using 
pharmacokinetic modeling are in Chapter 3.  
 The framework of regional prospective risk assessment, the selected methods and 
parameters from a priori considerations, and the derived safe doses for methylmercury by 
PBPK models together with other data collected from field study and data monitored for 
a long period of time in the area were analyzed and used as the input for prospective risk 
assessment of mercury and coal-fired mercury in the study area. Details of the assessment 
are described in Chapter 4.  Figure 1.2 shows an outline of the overall study. 
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 Develop a conceptual framework Formulate a priori considerations 
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females and for dugongs. 
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Figure 1.2      The outline of the overall study.     
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CHAPTER TWO 
 
 FRAMEWORK AND A PRIORI CONSIDERATIONS 
 
The Developed Framework 
The framework for performing regional prospective human health and ecological 
risk assessment has been developed to accomplish the ‘integration’ concept mentioned in 
Chapter 1. The developed framework used five main components of the conventional risk 
assessment procedure: (1) release assessment, (2) transport assessment, (3) dose-response 
assessment, (4) exposure assessment and (5) risk characterization (Fjeld et al., 2007; U.S. 
EPA, 1989; NRC, 1983; WHO/ ICPS, 1999, 2001; Covello and Merkhofer, 1993) to form 
a prospective risk assessment as well as a current risk assessment. 
Four non-human species in each ecosystem together with humans in the region of 
concern were proposed to be considered in order to keep the area sustainable and to serve 
the sustainable development strategy. Components for these five species were placed in a 
framework in the exposure assessment step. Components for the incremental risk due to a 
new source and the current risk posed by the existing sources were established in order to 
help indicating proportionate responsibility in risk management.  
The four species considered in the framework included (1) fundamental species or 
primary producer species of the ecosystem, (2) protected species such as endangered 
species, (3) species of economic importance, and (4) species of special concern or 
scientific concern. The framework is illustrated in Figure 2.1 and it is used for one 
ecosystem of a region of concern.  
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: The obligatory link between ‘stressor’ and the step in risk assessment process.    
: The optional link between ‘stressor’ and the step in risk assessment process.   
 
Note:       
 
Figure 2.1    A generic framework developed for performing regional prospective 
human health and ecological risk assessment. 
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The release assessment component in the developed framework signifies the step 
of quantifying the amount to which a source releases a contaminant into the environment 
(Covello and Merkhofer, 1993; Fjeld et al., 2007). The transport and fate assessment 
involves the approximation of concentration of a contaminant in environmental media, 
e.g., air, water, sediment, and groundwater (Fjeld et al., 2007; Suter, 1993).  
Dose-response assessment is the process of characterizing the linkage between the 
exposure dose of a chemical and the incidence or magnitude of an adverse health effect in 
a test species  (NRC, 1983; WHO/ ICPS, 1999). Toxicological information such as a 
median lethal dose (LD50) and a no-observed-adverse-effect level (NOAEL) can be 
obtained from dose-response relationships. Such toxicological information, especially the 
NOAEL, from a test species is normally used in the derivation of a dose presumed to be 
relatively safe, such as a reference dose (RfD), a minimal risk level (MRL), or an 
acceptable daily intake (ADI) (Faustman and Omen, 2001). 
Exposure assessment is the procedure of estimating the exposure in a species to a 
contaminant from the environmental media and/or the consumed food and drink (WHO/ 
ICPS, 1999; U.S. EPA, 1992a). Questionnaires, mathematical models for exposure and 
biomarkers of exposure can be used to obtain an exposure dose (WHO/ ICPS, 1999). The 
final step in risk assessment is the characterization of risk. The risk characterization is the 
evaluation of the likelihood of occurrence of an adverse effect in the exposed human or 
non-human species (NRC, 1983; B.C. MOE, 1993; CCME, 1996; WHO/ ICPS, 1999, 
2001; U.S. EPA, 1989, 1992a, 1998a). In a non-cancer risk assessment, risk is frequently 
characterized by a hazard quotient (HQ). The uncertainty analysis of risk assessment can 
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be done in this step or in every step of risk assessment (WHO/ ICPS, 1999; enHealth, 
2002).   
In the framework, the components indicating the input data to each step in the risk 
assessment were introduced. These components consist of (i) design data, (ii) release rate, 
(iii) concentration, and (iv) exposure dose. The ‘design data’ points to the process data or 
the process knowledge that can be used in the release assessment (Fjeld et al., 2007). The 
‘release rate’ indicates the emission rate or the discharge rate from a toxicant source 
(Covello and Merkhofer, 1993). The ‘concentration’ represents the concentration 
measured in an environmental medium, e.g., air, water, soil, or sediment, that can be 
employed readily in the exposure assessment (Suter, 1993). The ‘exposure dose’ is the 
dose to which an organism is exposed (external dose) or the level of a contaminant in the 
target tissue (internal dose). A biomarker of exposure is some chemical characteristic in 
exposed organisms that is related to the exposure dose. (WHO/ ICPS, 1999). The purpose 
of having the input data components in the framework is to facilitate the assessing 
especially the current risk assessment. 
The ‘incremental risks’ component in the developed framework is established to 
aid understanding the risk posed by a new source. Risk management such as establishing 
more mitigation measures, redesigning the process, reconsidering the sited location and 
so forth can be done to reduce risk prior to the installation of a new source. The risk-
based management for a prospective source is thus obtainable through this approach. The 
‘current risks’ component indicates risk from the current exposure. The estimated current 
risk can be used in a land-use planning or an area management. The ‘total future risks’ is 
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able to provide directions in environmental policy and regulation. The framework formed 
in this study is intended for use in a prospective risk assessment at regional level and will 
contribute primarily to the Environmental Agencies in Thailand. 
 
The ‘a Priori’ Considerations 
 The a priori considerations refer to considerations about methods and parameters 
used in a risk assessment. The purpose of formulating a priori considerations is to 
prepare alternative scenarios, identify sources of uncertainty, and then reduce uncertainty 
in each parameter as much as possible prior to running the model. Uncertainties due to 
methods used and situations involved were emphasized. ‘Methods’ herein included 
principles, assumptions, and models which could be employed in a process of risk 
assessment. The ‘situations’ embrace the condition, event, or scenario which could 
influence the type or intensity of a parameter.  
  The a priori considerations approach is proposed for a ‘base estimate’ assessment 
and it must be done prior to starting the risk assessment process. Figure 2.2 illustrates the 
approach of the a priori considerations to the risk assessment process which was used in 
this study. Two types of uncertainty can be distinguished. The ‘type B uncertainty’ or the 
‘uncertainty’ is the uncertainty in a thing or event occurs due to a lack of precise 
knowledge in such thing or event (IAEA, 1989; NCRP, 1996; U.S. EPA, 1997b; 2001a; 
2004b), whereas the ‘type A uncertainty’ or the ‘variability’ is the uncertainty by the 
nature of randomness of a thing or event (IAEA, 1989; NCRP, 1996; U.S. EPA, 1997b; 
2001a; 2004b; Fjeld et al., 2007), The uncertainty type B was considered separately from 
the uncertainty type A.    
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 The a priori considerations approach used in this study is illustrated in Figure 2.2. 
The face symbols in the Figure represent the impression of the users or decision-makers. 
The . symbol indicates a “fair” satisfaction when the uncertainty can be identified but 
not reduced. The ☺ displays greater satisfaction when uncertainty is reduced.   
 
 
 
 
 
 
 
 
 
Risk assessment  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Uncertainty analysis 
Variability of step n Step n Identify/ reduce the uncertainties in methods/ situations in step n 
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Figure 2.2    The a priori considerations practice in risk assessment used in this study. 
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Considerations prior to conducting a prospective risk assessment of mercury from 
a coal-fired power plant were determined. Uncertainty, possibly from methods, model, or 
assumptions used, and situations or conditions that could be involved, were characterized 
for the four steps of this risk assessment: (i) release assessment, (ii) transport assessment,  
(iii) exposure assessment, and (iv) dose-response assessment.   
 
Considerations Prior to Release Assessment 
Methods/ Principles 
 Generally, there are two main methods that can be used in the estimation of the 
rate of contaminant emission. The first one is based on the mass balance principle (Davis 
and Cornwell, 1998). The other one is using the emissions factors (EF) from the AP- 42 
list, the Compilation of Air Pollutant Emissions Factors, which are generated by the U.S. 
EPA (U.S. EPA, 1995b; de Nevers, 2000).   
By means of the mass balance method, the amount of mercury entering to a coal-
fired power plant will be equal to the sum of the amount of mercury leaving the stack and 
the amounts that are removed by the control devices of the power plant (Laudal et al., 
2000). Based on this principle, a release rate can also be back calculated from the 
proportion of mercury in coal, fly ash, bottom ash, and by-products from the Flue Gas 
Desulfurization (FGD) (Boylan, et al., 2003).   
The emission factor is a representative value of a release rate of a pollutant to the 
atmosphere. It is obtained from the average emission rate of a pollutant from a number of 
studies of the same type of activity.  The general equation for emissions estimation is:      
E = A * EF * [(1- ER)/ 100], where: E is the emissions; A is an activity rate; EF is the 
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emission factor, and ER is the percentage of the overall emission reduction efficiency (%) 
(U.S. EPA, 2007e).   
For mercury emitted from a typical coal-fired power plant, the emissions factors 
(EF) are presented in the Factor Information Retrieval (FIRE) Data System produced by 
the U.S. EPA (U.S. EPA, 2007f).  The FIER is a database system that contains all EPA's 
emissions factors from the AP-42 list together with information by industry and emitting 
processes. The emissions factors for mercury from coal-fired power plants in the FIRE 
6.23 database (U.S. EPA, 2000) are listed in Table 2.1. 
In Thailand, the allowable level of mercury emission from a stack has been set, 
however the emission of mercury per heat input source has not been determined. The 
Thai standard level for mercury emitted from a stack of an industrial plant is 2.4 mg/m3, 
at 1 atm and 25oC ambient air in dry basis (DIW, 2006). Risk assessors could use this 
standard level as an emission rate and consider it as a worst-case scenario. Therefore, it 
should be informed if a standard level is used instead of using a mass balance or emission 
factor methods. In addition, the chosen method for estimating emission rate should be 
specified so as to understand the source of uncertainty.  
Situations / Conditions 
 
There are many situations relating to the power plant operation that can influence 
the estimated release. Three situations were considered in this study: electricity output; 
pollution control devices; and special procedures. Under normal operation, the quantity 
of electricity output from a power plant can be considered as a daily average or as a daily 
range of megawatts (MW), which is caused by the fluctuation of electricity demand 
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during the day. The amount of the generated output reflects the amount of coal being 
burned and therefore the amount of mercury in the coal-fired flue gas (de Nevers, 2000; 
U.S. DOE, 1984). 
A condition set forth for the failure of air pollution control devices can influence 
the release rates of a pollutant as well. The standard devices for controlling air pollution 
in a typical coal-fired power plant include (i) a device for capturing particulate matters, 
i.e., bottom ash and fly ash, such as an electrostatic precipitator (ESP), a fabric filter or a 
baghouse, and a set of cyclones, (ii) a wet or a dry flue gas desulfurization (FGD) system 
for removing the contaminated gaseous sulfur dioxide (SO2) in the flue gas, and (iii)  
equipment for the reduction of oxides of nitrogen (NOx), such as a pre-combustion low 
NOx burner or deNOX, and a post-combustion selective catalytic reduction (SCR) device 
(de Nevers, 2000; U.S. DOE, 1984; U.S. EPA 1997c). These devices can all reduce 
mercury to some degree (e.g., Hargrove et al., 1995; Laudal et al., 2001; U.S. EPA, 
2002b).  
Some normal operation processes of a power plant such as start-up, test-run, and 
soot-blowing need to be considered since they can trigger a shorter term release of 
mercury. This study did not include these situations in the scenarios for a case study of 
mercury risk. The a priori considerations for the release assessment of a power plant are 
recapitulated in Figure 2.3.    
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Table 2.1   Emission factors for mercury from electric generation from FIRE 6.23              
                  (U.S. EPA, 2000) 
 
 
Condition 
 
 
Equipment 
 
 
Mercury 
release 
 
 
Unit   
 
 
uncontrolled 
 
 
- 
    
1.6 x 10-5 
 
lb/million BTUs heat input   
 
controlled 
 
miscellaneous 
   
8.3 x 10-5 
 
lb/ton bituminous coal 
burned 
 
 
controlled 
 
miscellaneous 
   
8.3 x 10-5 
 
lb/ton subbituminous coal 
burned 
 
 
controlled 
 
 
miscellaneous 
    
8.3 x 10-5 
 
lb/ton lignite coal burned 
 
controlled 
 
Electrostatic Precipitator 
(ESP)  
 
    
3.22 x 10-4 
 
lb/million BTUs heat input   
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Method/ Principle 
Situations 
Mass balance, specific plant, 
Special, e.g., regulation level, 
Electricity output 
Pollution control 
device failures 
Special practice 
e.g., emission concentration of 
mercury at the stack of an industrial 
plant must not exceed 2.4 mg/m3 at 1 
atm, 25 oC 
(DIW, Thailand, 2006). 
Consider as daily average demand, e.g., 1,400 MW 
Consider by including the daily fluctuation in power 
demand; e.g., 1,000 – 1,400 MW 
Particulate matters control equipment failure, e.g., 
the electrostatic precipitator (ESP) failure (0-100%). 
Sulfur dioxides control equipment failure, e.g., 
the flue gas desulfurization (FGD) failure (0-100%). 
Oxides of nitrogen control equipment failure, e.g., 
the selective catalytic reduction failure (0-100%) 
Start-up 
Test-run 
Soot-blowing 
Mass balance, general plant,  e.g., emission factors in AP-42 list, 
FIRE data system. Emission factor for 
mercury from a coal-fired power plant 
controlled by typical control devices is
8.3 x10-5 lb Hg per ton of bituminous,  
subbituminous or lignite coal burned 
          (FIRE 6.23, U.S.EPA, 2000). 
e.g., emission rate or source term (S) 
of mercury from a coal-fired power 
plant is a function of mercury in coal 
(a), amount of coal burned (b) and 
fraction of mercury in the flue gas (c): 
 
                       S = a*b*c. 
 
 
Figure 2.3  Considerations prior to conducting the release assessment of mercury for  
a coal- fired power plant and mercury emission. 
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Considerations Prior to Transport Assessment 
Method/ Principle 
 
Only atmospheric transport of mercury was considered in this study. Selecting the 
air dispersion model is crucial since the estimated concentration in the air is used as a 
precursor of the further estimation steps. If the model yields an inaccurate concentration 
in the air, then an inaccurate concentration in water or in fish is obtained.  
Consideration regarding selection of an air dispersion model should be aimed at 
the best fit or most appropriate to the study area’s terrain. Different assumptions for the 
air dispersion model can bring about different contaminant concentrations at ground 
level, even when modeling the same release source in the same area. Plume and puff air 
dispersions are principally used to assume the dispersion shapes of a contaminant in the 
air.  ‘Puff’ is a profile of the dispersion from an instantaneous release source, while 
‘plume’ defined as a series of puff releases, is a contour from a continuous release of a 
point source such as the stack tip of a power plant (Seinfeld and Pendis, 1998; Fjeld et al., 
2007; Covello and Merkhofer, 1993; U.S. DOE, 1984).  
The plume-based air dispersion models approved by the U.S. EPA and currently 
used to predict the ambient concentration of a pollutant from a power plant include the 
ISCST3 (Industrial Source Complex Short Term version 3) model (U.S EPA, 1995a), the 
ISC-PRIME (Industrial Source Complex-Plume Rise Model Enhancements) model (U.S 
EPA, 2005c), and the AERMOD (American Meteorological Society/ Environmental 
Protection Agency Regulatory Model) model (U.S EPA, 2004a). The AERMOD model is 
declared as the best state-of-the-practice plume dispersion model offering interpretation 
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of plume dispersion better than the ISC3 does. This air model replaced the ISC3 in 
November 2006 (U.S. EPA, 2005c).   
However, a puff-based model such as the CALPUFF (California Puff) model 
(Scire et al., 2000)—which is recommended principally for a prediction of a long-range 
dispersion but can also be used on scales from tens of meters from a source to hundreds 
of kilometers (U.S. EPA, 2005c)—is also applied for the local dispersion and deposition 
of a contaminant released from a point-source. The application of the CALPUFF model 
in an assessment of a coal-fired power plant has been increasingly used. Examples 
include using CALPUFF to predict the concentrations of pollutants from a power plant in 
Illinois, U.S.A. (Levy et al., 2002), in Beijing, China (Zhou et al., 2003), and in Yatagan, 
Turkey (Ulas Im and Yenigun, 2005). Puff dispersion has been used because it gives a 
more realistic picture of the transport (de Haan and Rotach, 1998).   
 
Situations/ Conditions 
Selecting meteorological data for using in an air dispersion model is crucial since 
non site-specific meteorological data will result in an invalid prediction of contaminant 
concentrations (Brost et al., 1988; McNider et al., 1988; Moran and Pielke, 1996; Gupta 
et al., 1997).  The situations regarding the meteorological data discussed in this study 
were the daytime/ nighttime meteorological data, the wet/ dry season data, the actual 
hourly and the estimated hourly data, along with data from meteorological stations. 
Meteorological data were needed to display alternatives to the assumed data which were 
chosen for the transport model.  
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The daytime/ nighttime meteorological data of the coastal area considerably 
differed from those of the valley or mountains area. This is because of terrain effects on 
the wind patterns above each area (Davis and Cornwell, 1998; U.S DOE, 1984).  Choices 
for a transport model input include day long data and a half day, e.g., land-sea breeze, 
day-night.  Similarly, the wet/ dry season data can be used as an average of each season 
or all year long. This study used the year long meteorological data for the transport 
assessment. 
Another consideration was choice of meteorological stations. Whether or not    
meteorological data was taken from the station located downwind and nearest to the point 
source, or if the data was used from an available station which may not be the nearest 
one. An example of this situation was the use of the mixing height from a meteorological 
observation station in Florida, U.S.A., to  predict the atmospheric transport of particles, 
sulfur dioxide (SO2), and benzene emitted from an oil refinery located in Bangkok, 
Thailand (Evans et al., 2002; Phonboon, 1996). If this type of assessment has been done, 
it should be stated clearly in order to know and understand the source(s) of uncertainty.  
The last option considered for the transport model was whether to use the actual 
meteorological data or the adjusted one. Normally the hourly measured data are used in 
the transport model. However, in Thailand, meteorological data are collected typically 
only for weather forecasting, not for the prediction of pollution; therefore, meteorological 
data collected on even three-hours at most stations of the country (TMD, 2007). This 
requires assessors to adjust three-hour data to hourly data for used in an air dispersion 
model (OEPP, 1997).   
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Wet/ dry season data 
Daytime/ nighttime 
data 
Meteorological data 
Summation of Gaussian plumes 
Puff model 
Consider meteorological data as an average of the 
daytime and the nighttime data. 
The downwind and nearest station to the source. 
Consider meteorological data as an average of the 
wet and dry seasons. 
The station is not in the nearest to the source.  
Consider the meteorological data of the average 
wet season apart from the average dry season. 
Meteorological station 
The actual data (from the measurement). 
The equivalent data (adjusted data, e.g., the 1-hrly 
met. data adjusted from the 3-hrly measured data). 
Situations 
Method/ Principle 
ISCST3 model 
Gaussian plume model 
ISC-PRIME model 
AERMOD model 
Long-term plume-based air dispersion model 
e.g.,  
Sector-averaged of Gaussian plumes  
ISCLT3 model 
e.g.,  
Long-term puff-based air dispersion model 
CALPUFF model 
e.g.,  
Consider meteorological data of the average of the 
daytime apart from the average nighttime data. 
Short-term plume-based air dispersion model 
 
 
Figure 2.4     Considerations prior to conducting the transport assessment. 
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Considerations Prior to Exposure Assessment 
Method/ Principle 
The first consideration was which method should be used for exposure: external 
or internal.  If the purpose is to estimate the external dose of exposure, e.g., an oral dose, 
topical dose, inhalation dose or concentration, a pharmacokinetic factor does not need to  
be considered in the estimation process. If the internal exposure dose has been chosen, 
i.e., dose at the target organ; the pharmacokinetic or toxicokinetic process has to be 
considered. Type of exposure dose to be used in risk assessment must be chosen and 
declared before proceeding to the exposure assessment.  
Situations/ Conditions 
The habitat of the species of concern was considered after the choice of exposure 
was made. In general, habitat can be considered as a general site or as a specific one. If 
the habitat is considered as a general site, the data for exposure parameters can be taken 
from nation-level reports, or international level studies. But if the assessment is specified 
to local concern, the exposure parameters have to use site-specific data.  
After selecting the habitat, the biological and sociological situations involving the 
exposure to a contaminant in the area were considered. Sociological factors considered in 
this study included the cultural cooking patterns, styles of eating, and the social styles of 
living. The situations relating to customs may differ from area to area or from country to 
country. The cooking methods could influence the amount of a contaminated chemical in 
a cooked food.  For example, steaming and baking decreased the cadmium, copper, lead, 
and zinc contaminated in Tilapia (Tilapia nilotica) (Atta et al., 1997). The concentrations 
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of lead in sea bass (Dicentrachus labrax) fillets were much decreased after microwaving 
and baking, whereas the concentrations of arsenic of the fried and microwaved samples 
were significantly increased (Ersoy et al., 2006).   
Mercury contents in pan-fried, baked and boiled walleye fillets, and deep-fried 
and baked whitefish livers were higher than in the raw portions (Morgan et al., 1997).  
Burger et al. (2003) also found that mercury concentrations were considerably greater in 
cooked tissues than in the raw largemouth bass (Micropterus salmoides) caught from the 
Savannah River Site, South Carolina.  However, frying and baking did not alter the total 
mercury concentrations in blue shark (Prionace glauca) tissue samples (Chicourel et al., 
2001).  
Among cooking methods, baking was found to promote the reduction of copper,  
cadmium, lead, and zinc in Tilapia better than steaming (Atta et al., 1997).  Deep-frying 
with breading increased mercury levels in largemouth bass by 45%, and by 75% without 
the breading (Burger et al., 2003). Smoking resulted in significantly greater losses of 
pesticides and total PCBs in lake trout (Salvelinus namaycush namaycush) and Siscowets 
(fatty lake trout) (Salvelinus namaycush siscowet) than baking, charbroiling, or salt 
boiling methods (Zabik et al., 1996). 
The cultural style of eating in a particular location can shape the exposure rate and 
duration. Examples of eating styles in Thailand include: Thai people eat rice at every 
meal; pork is more common than beef; wild-caught birds and insects are used in some 
locations of the country, and uncooked fish is not desirable (DOH, 2006).  
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The styles of living of people in different geological locations can affect the dose 
of exposure. Coastal people and people in mountainous areas have different hobbies and 
occupations. Coastal populations swim, fish, and boat more frequently than other groups 
of populations do; so they possess more chances of exposure to a contaminant in polluted 
waters. People in rural areas usually leave the windows of their houses open; they can be 
exposed to contaminated air higher than urban people whose houses are always closed.    
 Age and gender are biological factors of a human which can reflect body weight, 
lifespan, eating style, and living style of each individual. The differences in ages and 
genders within a population influence consumption rates, durations of exposure, and  
body weight (Johnson and Bedford, 2004; Makino et al., 2006; Fisher, 1994). ‘Gender’ 
could affect the lifespan of a human.  An average lifespan of Thai females is longer than 
that of Thai males, i.e., 75.0 and 67.9 years, respectively (DOPA, 2006).   
 Therefore, cooking, age and gender of humans are important in human health risk 
assessment. Uncertainty can occur from a cooking method and therefore the uncertain 
concentrations of a contaminant in the cooked food. Age and gender directly influence 
the body weight (BW) and the length of lifespan (tavg), and indirectly affect the rate of 
consumption (CR) and the exposure duration (te), via eating and living styles.  Figure 2.5 
illustrates the influence that biological/ sociological factors have on exposure assessment 
parameters in human health risk assessment. 
 In ecological risk assessment, population movement can be a significant factor in  
assessing population risk because the movement may alter exposure in a population.  
Uncertainty can also occur through the selection of a population growth rate. Hence, it 
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has to be stated clearly that the assessment considers growth rate as a dynamic rate or a 
static one. However, the growth rate of a certain species in a particular habitat is not easy 
to obtain.  For human health risk assessment, a dynamic growth rate for populations can 
be used because  the records are directly available, or it can be assessed from the status of 
public health quality, the status of socio-economics and the status of environmental 
pollution of the area. 
 
 
 
     Exposure Dose   =  C *  CR * te  
      BW * tavg  
Eating, 
Living 
Gender 
Age 
Note:  C = concentration CR = contact rate, consumption rate  
 te = exposure time BW = body weight tavg = averaging time  
Cooking 
 
Figure 2.5   Biological/ sociological factors influencing exposure parameters.   
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Risk assessment parameters (; CR, te, BW, tavg ) 
are from nation-level or international reports. 
Habitat 
Site-general 
Risk assessment parameters (; CR, te, BW, tavg ) 
are from site-specific studies. 
Site-specific 
Culture Cooking patterns 
Eating lifestyle 
Living lifestyle 
Cultural practices of cooking can affect risk 
assessment parameter (; C in the cooked food) 
Lifestyles of eating in each habitat can affect 
risk assessment parameters (; CR, te)  
Lifestyles of living in each habitat can affect 
risk assessment parameters (; CR, te)  
Receptor Age-specific 
Gender-specific 
Receptors of different ages can result in 
different values of parameters (; CR, te, BW). 
Males and females can result in different 
values of parameters (; CR, te, BW, tavg). 
Population Dynamic growth 
Static growth 
Growth rate varies according to the status of 
public health quality, socio-economics, or 
environmental pollution of the habitat during 
the exposure period. 
Growth rate is constant throughout the 
exposure period.   
Exposure 
External exposure  
Internal exposure  
Pharmacokinetics is not considered. 
Pharmacokinetics is considered.
Method / Principle 
Situations 
Note: C    = the concentration of a pollutant in the exposed medium 
 CR = the contact rate of exposure      BW  = the body weight of the receptor 
 te    =  the exposure duration       tavg = the average time of the lifespan of the receptor 
Figure 2.6   Considerations prior to conducting the exposure assessment. 
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Considerations Prior to Dose-Response Assessment 
 Dose-response assessment in the risk assessment process involves a toxicity test 
study and the extrapolation and derivation of a toxicologically safe dose (WHO, 1999). In 
this paper, the methods for the extrapolation and derivation of a toxicologically safe dose 
were formulated in order to identify the possible sources of uncertainty.   
 A toxicologically safe level of a certain chemical for humans or other species can 
be derived by many methods. However, three approaches of the derivation of a safe dose 
of a non-cancer chemical for humans are described in this section: (1) the extrapolation 
with the inclusion of the extra magnitudes for safety, i.e., safety factors, or uncertainty 
factors, and modified factor, (2) the extrapolation based on the allometric scaling method, 
and (3) the extrapolation using toxicokinetic or pharmacokinetic modeling. The last two 
approaches need no additional extents of safety in the derivation.  
 The first derivation method usually uses uncertainty factors (UFs) and modified 
factor (MF), or safety factor (SF) to establish a toxicologically safe dose. An acceptable 
daily intake (ADI) has been derived from a no observed adverse effect level (NOAEL) 
divided by the SF. A reference dose (RfD), or a minimal risk level (MRL) have been 
derived by using an NOEAL or a benchmark dose level (BMDL) divided by the UFs and 
MF. (WHO/ ICPS, 1999); U.S. EPA, 1989, 2002a; ATSDR, 1999).  Figure 2.7 illustrates 
the derivation of each conventional safe dose.   
 The second method that can be used to derive a safe dose is the allometric scaling 
technique. Allometric scaling is based on the study that many biological parameters vary 
directly with body weight or a power of body weight (Davidson et al., 1986; Sample and 
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Arenal, 1999).  The allometric correlation of biological parameters with body weight is 
expressed in the general form of power law: A = a (BW)b , where A= biological attribute, 
a = intercept, BW = body weight, b = allometric scaling factor. The allometric scaling 
factor 0.66 is used when the body surface area is assumed to be correlated to biological 
parameter of interest (Pinkel, 1958; Sample and Arenal, 1999) and the allometric scaling 
factor 0.75 is used when the metabolic rate of a species is assumed to be correlated to the 
biological attribute (Travis and White 1988; Sample and Arenal, 1999). The allometric 
scaling factor of 0.75 has been recommended for extrapolation to humans (U.S. EPA, 
1992b) and was applied to mammalian toxicity data in wildlife risk assessment (Sample 
et al. 1996; Sample and Arenal, 1999). The scaling factor of 1 was used in an assessment 
of risk to avian species (Sample et al., 1996).   
The third approach is using a toxicokinetic or pharmacokinetic modeling method. 
This method is usually used in the estimation of an internal dose. However, it can be used 
to extrapolate for the external safe dose across species as well. Details of this approach 
are described in the next chapter. The consideration in choosing the extrapolation method 
is regarding using or ignoring the use of a pharmacokinetic or toxicokinetic model.    If 
the pharmacokinetics of a chemical is considered to be involved, then a physiologically 
based pharmacokinetic (PBPK) modeling method can be applied. If the pharmacokinetics 
is ignored, a safe dose for a chemical can be extrapolated by allometric scaling technique. 
This study considered having pharmacokinetics or toxicokinetics involve in a safe dose 
derivation, so PBPK modeling was utilized (Chapter 4). A priori considerations for a safe 
dose derivation in the dose-response assessment are in Figure 3.7.  
  33
 
Use the surface area-based method in the extrapolation from animal to 
human or small animal to larger animal (if assume that both species 
are spherical in shape, then  DH  = DA   [(BWA  ⁄ BWH)⅓ ])  
                                                                  (Fjeld and Compton, 1997).    
Use the metabolic rate -based method in the extrapolation from animal 
to human or small animal to larger animal (if assume that both species 
are spherical, then  DH = DA  [(BWA  ⁄ BWH)¼ ] )   
                                                                  (Fjeld and Compton, 1997).    
 Derivation method of a toxicologically safe dose  
  Follow one of these conventional ‘safe’ dose derivation methods 
  (Usually for human health risk assessment); 
  Acceptable Daily Intake,  ADI   =  NOAEL        (WHO/ ICPS,1999)
        SFs 
  Reference Dose,   RfD   =   NOAEL        (U.S. EPA, 1989)  
 UFs*MF 
            RfD   =   BMDL          (U.S. EPA, 2002a)  
 UFs*MF 
  Minimum Risk Level,    MRL  =   NOAEL        (ATSDR, 1999) 
 UFs*MF      
 MRL  =   BMDL         (ATSDR, 1999) 
 UFs*MF 
 
Accept the 
usage of   
 
* Safety Factor   
  (SF),  
* Uncertainty  
   Factor (UF),  
   and 
* Modified  
   Factor (MF)  
Ignore the 
Usage of   
 
SF, UF, & MF  
Use the body weight-based method in the extrapolation from animal to 
human or small animal to larger animal (if assume that both species 
are spherical in shape, then  DH  = DA )      (Fjeld and Compton, 1997). 
Pharmacokinetics 
or toxicokinetics 
is considered. 
Pharmacokinetics 
or toxicokinetics 
is not considered 
and the allometric 
scaling method is 
used. 
Use a physiologically-based pharmacokinetic (PBPK) model in the 
intraspecies extrapolation or interspecies extrapolation.  
Use the extrapolated NOAEL or BMDL as a ‘safe’ dose. 
(Can be used for human health and ecological risk assessments) 
Use the 5th or 10th percentile of the LC50 as a ‘safe’ dose. 
(Usually for ecological risk assessment). 
Method / Principle 
Figure 2.7 Considerations prior to assessing a toxicologically safe dose.  
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Conclusions 
The framework specific for regional prospective human health and ecological risk 
assessment was developed in this study. The reason of the developing was that there were 
no current frameworks of risk assessment fit well to regional prospective risk assessment 
aimed toward sustainable development. The framework is proposed to be used for a large 
and long-term released anthropogenic project which may cause the impact over the sited 
region. Without the framework, the intention to implement the sustainable development 
policy might not be fulfilled. Cited here that the developed framework is not claimed to 
be better than any frameworks, only the assessors can decide for the appropriateness. 
The a priori considerations practice was used in this study to identify the sources 
of uncertainties from the probable methods and input data and the choices made. Methods 
or principles for each step in the risk assessment of mercury from a coal-fired power 
plant were formulated. Situations or conditions for the potential methods were prepared. 
Then the choices made were stated and the uncertainty, i.e., the type B uncertainty or the 
lack of precise knowledge, of the methods and data can be recognized. The selected 
methods and situations for the assessment of mercury risk are identified in the following 
paragraphs. 
For release assessment, the mass balance concept was selected for this case study. 
A daily average demand of electricity output, i.e., an average of the daily base load and 
the peak load under the normal operation throughout the year, was used. The percentage 
of the failure or malfunction of each air pollution control device was not considered in 
the release assessment, i.e., it is assumed that every device always functions at its regular 
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efficiency. Also, the special processes, such as start up,  test-run, and soot-blowing, were 
excluded from the assessment. 
In the transport assessment process, the long-term sector-averaged plume model 
was chosen for the approximation of the concentration of mercury in the atmosphere. The 
meteorological data were the daily average of daytime and nighttime and annual average 
of wet and dry seasons. Two selected meteorological stations for the transport assessment 
are the nearest to the study coal-fired power plant and within the wind currents of the 
plant. However, the hourly meteorological data were adjusted from the three-hour ones, 
according to the availability of the station’s data. 
In this study, the external exposure dose was considered for each species. So, the 
pharmacokinetics or toxicokinetics of mercury inside each species was excluded from the  
approximation methods of exposure.  Risk parameters involving habitat were specific to 
the area. Population growth factor was considered as a static rate, i.e., growth rate was 
constant throughout the exposure periods. Age and gender of the receptors were taken 
into consideration specifically to the area as well. Eating and living styles of Thai humans 
were considered based on body weight, i.e., the consumption rate depends on the body 
weight. But cooking method was not considered which could affect the concentration of 
mercury the seafood used in this assessment. 
The derivations of toxicologically safe doses for methylmercury for dugongs and 
for Thai humans were considered without the use of any uncertainty factors; however, an 
uncertainty factor can be suggested. Use of PBPK modeling in the derivation of a safe 
dose was selected for this study. Details of the PBPK modeling are in Chapter 3. 
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In conclusion, the formulation of a priori considerations is the preparation of the 
alternatives of methods and data before conducting risk assessment. From the formulated 
list, an assessor can easily realize the uncertainty from the choice made. The audience or 
decision-makers can recognize not only the uncertainty but also the feasible improvement 
in performing risk assessment in the future.  
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CHAPTER THREE 
USE OF PHARMACOKINETIC MODELING  
 
General Background 
Pharmacokinetics.  
Pharmacokinetics is the study of the time course of disposition, i.e., absorption, 
distribution, metabolism and elimination, of chemicals in the whole organisms (Medinsky 
and Valentine, 2001; Rozman and Klaassen, 2001). ‘Pharmacokinetics’ is generally used 
for chemicals especially drugs and ‘toxicokinetics’ is for toxic chemicals (Medinsky and 
Valentine, 2001; Clewell and Andersen, 1985). Each process of the pharmacokinetics can 
be described by mathematical equation(s) (Medinsky and Valentine, 2001; Rescigno and 
Thakur, 1992). The modeling to quantify and determine the time course of the disposition 
can be carried out by the described equations (Rozman and Klaassen, 2001; Rescigno and 
Thakur, 1992; Welling, 1986). 
A Physiologically Based Pharmacokinetic Model. 
A physiologically-based pharmacokinetic (PBPK) model consists of a series of 
compartments standing for organs or tissues in the body of organism. Corresponding to 
each organ compartment, there are mathematical equations for simulating the process of 
absorption, distribution, metabolism, or excretion of a xenobiotic that enters the body. 
The model is typically used to estimate the concentration at the target organ or tissue due 
to the external exposure (i.e., intraspecies extrapolation). Also, it can be used to estimate 
the internal concentration across species (i.e., interspecies extrapolation) by placing the 
species-specific physiological and biochemical parameters in the model (Arm and Travis, 
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1988; Dedrick, 1973; Travis, 1987; Ward et al., 1988; Rescigno and Thakur, 1992; U.S. 
EPA 2006b). The term ‘physiologically-based toxicokinetics (PBTK)’ is also used. 
PBPK models have been employed for a wide range of chemicals such as dioxin 
(Buckley, 1995; Lawrence and Gohas, 1997; Maruyama et al., 2002), methylmercury 
(Gray, 1995; Carrier et al., 2001), carbon tetrachloride (Evans et al., 1994; Evans and 
Simmons, 1996), volatile organic chemicals (Beliveau et al., 2003; Emond and Krishnan, 
2006), arsenic (Gentry et al., 2004), caffeine and theophylline (Ginsberg et al., 2004), 
oxytetracycline (Craigmill, 2003), PCBs (Emond et al., 2005), acetone (Gentry et al., 
2003), xylene (Thrall and Woodstock, 2003), and gasoline (Dennison, 2003),  
A PBPK model can be constructed using assumptions (i) perfusion-limited or (ii) 
diffusion-limited. A perfusion-limited compartment, also called blood-flow limited, or 
simply flow-limited, is used if the cell membrane permeability coefficient for a chemical, 
i.e., xenobiotic, is much greater than the blood flow rate of the tissue. In other words, the 
rate of uptake of a xenobiotic into the tissue is limited by the blood flow rate to the tissue, 
i.e., perfusion rate, rather than the rate of diffusion across the cell membrane (Medinsky 
and Valentine, 2001). For this compartment, the mathematical equation is described as: 
V  dC = Q (Cin-Cout)                                                      (3-1) 
                                         dt 
 
where,V is the volume of the tissue, C is the concentration of xenobiotic inside the tissue 
compartment, and Cin and Cout are the xenobiotic concentrations entering and leaving the 
tissue, respectively. The Cout or the venous concentration of xenobiotic leaving the tissue 
is related to the total concentration of xenobiotic inside the tissue (C) through a simple 
linear partition coefficient (P);   Cout = C/P, or  
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V  dC = Q (Cin  - C ),                                                     (3-2) 
                                         dt                    P 
 
where, P is a tissue/blood partition coefficient, Cin is the artery blood, and dC/dt is a time 
rate of change of a xenobiotic in the tissue compartment (Medinsky and Valentine, 2001; 
U.S.EPA 2006b). Examples of PBPK models for methylmercury that are used perfusion-
limited compartments can be found in Farris et al., (1993), Cleweel et al. (1999; 2000), 
and Shipp et al., (2000).  
 The second assumption used in PBPK modeling is the diffusion-limited transport. 
Diffusion-limited or membrane-limited transport of a xenobiotic occurs when the flux of 
a xenobiotic across cell membranes is slow compared with blood flow to the tissue. This 
compartment is classified into two subcompartments: (i) the extracellular space and (ii) 
the intracellular space (Medinsky and Valentine, 2001). The concentration of xenobiotic 
within each of these subcompartments is in equilibrium and can be described as: 
 
VE  dC  =  Q (Cin-Cout) + µ (CI - CE)                              (3-3) 
                                           dt                     
 
VI  dC   =  µ (CE - CI)                                                     (3-4)               
      dt                     
 
where, VE and VI are the volumes of the extracellular and intercellular compartments, 
respectively. The CE and CI are the concentrations of a xenobiotic in the extracellular and 
in intracellular compartments, respectively. The ‘µ’ is the cell membrane permeability for 
a xenobiotic (in L/h) (Medinsky and Valentine, 2001; Banks et al., 2004). The example of  
PBPK model for methylmercury is the Gray (1995) model. However, Gray (1995) used 
both assumptions, i.e., perfusion-limited and diffusion-limited, in his model. 
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Toxicokinetics of Methylmercury. 
Methylmercury has been reported to be toxic to neurosystems of rats (e.g., Hunter 
et al. 1940; Chang and Hartmann 1972; Fehling et al. 1975; Fuyuta et al. 1978; Leyshon 
and Morgan 1991) and of humans (e.g., Bakir et al., 1973; Amin-Zaki et al. 1974; Al-
Saleem et al., 1976; Harada, 1995). Although, the neurotoxicity of methylmercury in 
dugongs has never been studied, so it is presumed here that dugongs could suffer like 
other mammals.  
Once taken up via ingestion, methylmercury is almost completely absorbed in the 
gastrointestinal tract in humans (Aberg et al., 1969; Miettinen, 1973; Al-Shahristani et al., 
1976) and in rats (Fitzhugh et al., 1950) and distributed to tissues readily (WHO/ IPCS, 
1976; 1990; ATSDR, 1999a). The distribution to tissue of methylmercury is due to its 
ease in transport across the barriers and through the cell membranes (Miettinen, 1973; 
Aberg et al., 1969). However, fat and bones are found to be relatively low accumulation 
sites for methylmercury whereas hair, kidney, liver, muscle and brain show higher 
concentrations of methylmercury (Nielsen and Andersen, 1991; ATSDR, 1999a).   
Methylmercury is demethylated to inorganic mercury (Hg2+) in mammals (WHO/ 
IPCS, 1976; 1990). The demethylation of methylmercury is species-, tissue-, dose, and 
time-dependent (ATSDR, 1999a; NRC, 2000).  Liver, kidney and brain are the potential 
sites of demethylation (Lind et al., 1988; Magos et al. 1976; Norseth and Clarkson 1970; 
Suda et al., 1989).  However, the demethylation rate was found to be very low in brain 
tissues (Hansen and Danscher 1995). The demethylated inorganic mercury and the parent 
methylmercury are excreted from the body principally via the feces (Clarkson et al., 
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2007). Less than one-third of the total mercury is excreted via the urine (Norseth and 
Clarkson 1970) and none of methylmercury was found in urine (Smith et al., 1994). The 
excretion rate of methylmercury varies with species, dose, sex, and strain (Nielsen 1992). 
To track the disposition—absorption, distribution, metabolism, and excretion—of 
methylmercury in an organism, in the context of PBPK modeling, a series of key organs 
of a species were set up interconnecting with the bloodstream (Figure 3.2).  Blood is the 
medium of the transport.  An organ receives methylmercury via arterial blood and loses 
the free methylmercury via the venous blood leaving the organ. The rate of arterial blood 
flowing to the organ is equal to the rate of venous blood leaving the organ (Rescigno and 
Thakur, 1992). The blood flowing to each organ or tissue group is a fraction of the main 
flow or the cardiac output of the body (Cooney, 1976). 
Methylmercury absorbed by the gastrointestinal tract is assumed to appear in the 
liver before distributed to the other compartments. Uptake was also assumed to occur 
continually with a constant rate. The rate of distribution of methylmercury to tissues was 
assumed to be limited by the perfusion rate to the tissues, i.e., the blood perfusion rate or 
the blood flow to the tissues (Cooney, 1976; Rescigno and Thakur, 1992; Freitas, 2003). 
Each organ or tissue group was considered as an advective homogeneous compartment, 
according to the mathematical equations presented by Krewski et al. (1991) and Krishnan 
and Andersen (1991). The amounts of methylmercury distributed in the organ or tissues, 
despite the coming blood flow, depended on its characteristics on tissue solubility and 
tissue binding, i.e., tissue/ blood partition, plus its metabolism and elimination in such 
organ or tissues (Krishnan and Andersen (1991).  
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Rationale of Using PBPK  
Currently, there is more than one value of traditional safe dose for methylmercury 
that can be used in human health risk assessment (Table 3.1) (Mahaffey, 1999; ATSDR, 
1999a; 1999b; U.S. EPA/ IRIS, 2006) and all of them contain uncertainty factors (UFs) 
and modified factor (MF), or safety factor (SF), which are based on the judgments of the 
experts (Gaylor et al., 1997; Baynes, 2004). However, the judgment in quantifying UFs 
sometimes differs from agency to agency (e.g., Table 3.1).  
Moreover, the values of some UFs employed in human health risk assessment are 
relatively different from those in ecological risk assessment (Table 3.2) (U.S. EPA, 1994; 
2002a; Lewis et al., 1990). The discrepancy in recommending a safe dose and uncertainty 
factors among agencies or experts can cause difficulties in practice to risk assessors and 
unreliability to decision-makers.     
To lessen the difficulties and generate the consistency in risk assessment practice, 
the PBPK modeling is better to be applied since the UF1 or the interspecies UF can be left 
out and the UF4 (the intraspecies variability in pharmacokinetics and pharmacodynamics) 
can be analyzed more systematically through this method.   
Physiologically based pharmacokinetic (PBPK) modeling is claimed to provide a 
more scientifically sound extrapolation (Hodgson, 2004). The benefits of applying PBPK 
models in human health risk assessment have been announced in the Federal Register in 
2006 and the guidance of using PBPK models in risk assessment has been introduced to 
the public by the U.S. EPA (U.S. EPA, 2006b). Thus, there is a strong consensus that a 
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PBPK model can improve reliability of risk assessment; still, it has not been commonly 
used in use in wildlife risk assessment. 
 
Objectives of the Study 
Accordingly, to serve the application in wildlife risk assessment, this chapter used 
the PBPK modeling in the derivation of a toxicologically safe dose for methylmercury for  
dugongs for the reason that there had never been such a dose offered for this endangered 
species before. And at the same time, the age-specific safe doses for methylmercury were 
developed for Thai human populations to know whether or not the derived safe doses 
based on toxicological approach were different from the current ones derived based on 
the epidemiological approach.   
More specifically, the studies in this chapter aimed (1) to obtain the NOAEL for 
methylmercury in the brain of a test rat extrapolating from its chronic external exposure 
which was proved to be safe from neurotoxicity, (2) based on the at-brain NOAEL of the 
studied rat, to obtain the external NOAEL for the dugongs and for Thai human males and 
females aged 1 to 100 years, and (3) to compute the toxicologically safe doses (SfDs) for 
both species based on the extrapolated NOAELs. The estimations of NOAELs were done 
by means of PBPK models particularly developed in this study.   
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Table 3.1    The conventional toxicologically safe doses for methylmercury for humans.  
 
Uncertainty 
 
UFs 
 
Toxicologically safe dose 
for methylmercury,  
oral dose 
 
 
 
μg/kg/d
 
UF1 UF2  UF3 UF4 
 
MF 
 
SF 
 
Organization, 
year of the 
establishment 
 
Reference dose, RfD 
= NOAEL/ (UFs*MF) 
= BMDL/ (UFs*MF) 
 
 
0.1 
0.1 
 
 
 1      1       1      10 
 1      1       1      10 
 
 
1 
1 
  
 
U.S EPA, 1995  
U.S EPA, 2001  
 
Minimum risk level, MRL 
= NOAEL/ (UFs*MF) 
= BMDL/ (UFs * MF) 
 
 
0.5 
0.3 
 
 
 1      1      1        3 
 1      1      1        3 
 
 
1.5 
1.5 
  
 
ATSDR, 1997 
ATSDR, 1999a  
 
Acceptable daily intake, 
ADI  = NOAEL/ SF 
 
 
0.4 
   
 
10 
 
 
U.S. FDA, 1970 
 
Acceptable daily intake, 
  ADI  = NOAEL/ SF 
 
 
0.48 
   
 
10 
 
 
U.S. FDA, 1989 
 
Acceptable daily intake, 
  ADI  = NOAEL/ SF 
 
 
0.48 
   
 
10 
 
WHO/IPCS, 
1990  
 
Note:   Details of the UFs are given in Table 3.2. 
            NOAEL stands for the no observed adverse effect level.  
            LOAEL stands for the lowest observed adverse effect level. 
            BMDL stands for the benchmark dose level. 
            ADIs are documented by Mahaffey, 1999. 
            RfDs are from the Integrated Risk Information System, U.S. EPA/IRIS, 2006. 
            MRLs are from the draft and final reports of the ATSDR, 1997; 1999a.           
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Table 3.2    The usage of uncertainty factors in risk assessment. 
   
Purpose of usage 
 
 
Usage in human health 
risk assessment  
 
 
Usage in ecological 
risk assessment  
 
 
UF1 
 
For the extrapolation 
from one to another 
species. 
 
(Interspecies UF) 
 
10 is for the animal-to-
human extrapolation. 
 
1 is for the human-to-
human extrapolation.  
 
 
20 is for the extrapolation from 
a test species to an indicator 
species within the same order 
but different family.  
 
10 is for the extrapolation from 
a test species to an indicator 
species within the same family 
but different genus. 
 
5 is for the extrapolation from a 
test species to an indicator 
species within the same genus. 
 
1 is for the extrapolation from a 
test species to an indicator 
species within the same species.
 
 
UF2 
 
For the usage of 
different critical 
doses. 
 
 
10 is for the LOAEL-
based extrapolation.  
 
1 is for the NOAEL-
based extrapolation. 
 
 
 
6 is for the extrapolation based 
on the LD50. 
 
5 is for the extrapolation based 
on the LOAEL. 
 
1 is for the extrapolation based 
on the NOAEL. 
 
 
UF3 
 
For the differences 
in exposure time in 
the toxicity test. 
 
10 is for the acute-to-
chronic extrapolation.  
 
1 is for the chronic-to-
chronic extrapolation. 
 
 
5 is for the extrapolation from 
an acute or subchronic to a 
chronic toxicity. 
 
1 is for the chronic-to-chronic 
extrapolation. 
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Table 3.2    The usage of uncertainty factors in risk assessment (continued) 
   
Purpose of usage 
 
 
Usage in human health 
risk assessment  
 
 
Usage in ecological 
risk assessment  
 
 
UF4 
 
For the variability of 
individual 
pharmacokinetics 
and 
pharmacodynamics. 
 
(Intraspecies UF) 
 
10 is used for human 
variability in the 
derivation of a MRL 
for inorganic mercury 
and a MRL for metallic 
vapor of mercury. 
 
10 is used for human 
pharmacokinetic and 
pharmacodynamic 
variability in the 
derivation of an oral 
RfD for 
methylmercury. 
 
3 is used for human 
pharmacokinetic and 
pharmacodynamic 
variability in the 
derivation of an oral 
MRL for 
methylmercury. 
 
 
None have been mentioned. 
 
MF 
 
For special 
circumstances that 
may contribute to the 
uncertainty. 
 
 
1.5 is used in the 
derivation of oral MRL 
for methylmercury to 
account for domain-
specific findings in 
Faroe study. 
 
1 is used in the 
derivation of an oral 
RfD for 
methylmercury.  
 
 
None have been mentioned. 
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Core Concept and Conceptual Scheme 
Core Concept 
 
The basic assumption for interspecies extrapolation considered in this study was it 
is the same at-brain concentration of methylmercury that causes no observed neurological 
impairment to a rat, a dugong, and a human. Assumption for interspecies extrapolation by 
using the internal dose similar to this study can be found in Maruyama and Aoki (2006) 
which cancer risk from dioxin was predicted by internal dose and using PBPK models. 
The interspecies extrapolation using internal dose and PBPK technique is also suggested 
in the report published by the U.S. EPA (U.S. EPA, 2006b). 
Conceptual Scheme 
The conceptual diagram for the derivation of a safe dose and the intraspecies and 
interspecies extrapolations for NOAELs using PBPK models illustrate the approach taken 
(Figure 3.1).  The procedure started with selecting a NOAEL from toxicity tests in rats 
relevant to the endpoint of concern, in this case, the toxicity to the neurosystem of a rat. 
The selected external NOAEL (via gavage) in a rat was then extrapolated by a PBPK 
model to the concentration in its brain.  From this at-brain concentration, PBPK models, 
one for a dugong and the other for a human, were used to back-calculate the external 
doses of methylmercury. Each NOAEL was next used in the derivation of a safe dose.  
And in this study, the compartments are all the perfusion-limited or blood flow-limited 
compartments.  
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  PBPKrat PBPKhuman PBPKdugong 
NOAEL 
(rat)  
(gavage) 
NOAEL 
(rat)  
(at brain) 
NOAEL 
(human)  
(at brain) 
NOAEL 
(human)  
(oral) 
NOAEL 
(dugong)  
(at brain) 
NOAEL 
(dugong)  
(oral) 
SfD 
(dugong)  
(oral) 
SfD 
(human)  
(oral) 
Toxicity Test 
 
Figure 3.1  A conceptual scheme showing an approach in using PBPK models to aid 
in the derivation of toxicologically safe doses (SfD) for a human and a 
dugong. 
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Model Development 
 The conceptual PBPK model for a rat, a human, and a dugong was developed in 
the same structure (Figure 3.2) based on the relatively similar pharmacokinetic pathways 
of methylmercury in the body of each species. The concept of the development was the 
simplicity of a model, i.e., having as small a number of organ compartments as possible.  
Mathematical expressions describing the transport and fate of methylmercury, as 
a result of its pharmacokinetics, and used to estimate the concentration of methylmercury 
in each organ compartment for each species are as follows. 
Liver compartment: 
 
      Vliver (dCliver/dt) = [Qliver (Cblood – (Cliver/Pliver))]– [(k1+k2) Cliver Vliver]+[(D)(fabs)]   (3-5) 
or,  dXliver/dt = (QliverXblood/Vblood)– (QliverXliver/VliverPliver)– [(k1+k2)Xliver]+ [(D)(fabs)  (3-6) 
 
where,  
dCliver /dt = time rate of change of methylmercury concentration in the liver (mg/L/d)  
dXliver /dt = time rate of change of mass of methylmercury in the liver (mg/d)  
Qliver = the rate of blood flow to the liver (L/d) 
Vliver = the volume of the liver (L) 
Cblood  = the concentration of methylmercury in the blood (or the arterial blood) (mg/L) 
Xblood  = the mass of methylmercury in the blood (or the arterial blood) (mg) 
Cliver  = the concentration of methylmercury in the liver (mg/L) 
Xliver  = the mass of methylmercury in the liver (mg) 
Pliver  = the liver-to-blood partition coefficient (unitless) 
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QBlood QBlood 
BLOOD 
BRAIN 
KIDNEY 
REST OF BODY 
LIVER 
- Removal of MeHg 
 Cartery 
 Cartery 
Cartery 
Cartery 
QLiver 
QKidney 
QRest 
QBrain 
QRest 
QKidney 
QLiver 
CLiverVein 
CKidneyVein 
CRestVein 
CBrainVein 
CVein 
Ingestion of MeHg 
QBrain 
Cartery 
Figure 3.2      A physiologically based pharmacokinetic model developed for predicting  
          the dose metric of methylmercury (MeHg) in a rat, a dugong, and a human 
          in this study. 
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k1  =  the first-order rate constant of demethylation of methylmercury in the liver (/day)  
k2  =  the first-order rate constant of biliary clearance of methylmercury (/day) 
D =  the rate of oral uptake of methylmercury (mg/d) = NOAEL * BW 
NOAEL = the no observed adverse effect level of methylmercurty (mg/kg/d)  
BW = the body weight (kg) 
fabs = the fraction of absorption of methylmercury in the gastrointestinal tract (unitless) 
Brain compartment:    
Vbrain (dCbrain /dt)  = Qbrain (Cblood – (Cbrain/Pbrain))                                               (3-7) 
or, dXbrain /dt   =  (QbrainXblood / Vblood) – (QbrainXbrain / VbrainPbrain)                           (3-8) 
where,     
dCbrain /dt = time rate of change of methylmercury concentration in the brain (mg/L/d)  
dXbrain /dt = time rate of change of mass of methylmercury in the brain (mg/d)  
Qbrain =  the rate of blood flow to the brain (L/d) 
Vbrain =  the volume of the brain (L) 
Cbrain  =  the concentration of methylmercury in the brain (mg/L) 
Xbrain  =  the mass of methylmercury in the brain (mg) 
Pbrain  =  the brain-to-blood partition coefficient (unitless) 
Kidney compartment:    
           Vkidney (dCkidney /dt)  =  Qkidney (Cblood – (Ckidney/Pkidney))                                      (3-9) 
or,            dXkidney /dt =  (QkidneyXblood /Vblood) – (QkidneyXkidney /VkidneyPkidney)       (3-10) 
where,     
dCkidney/dt = time rate of change of methylmercury concentration in kidneys (mg/L/d)  
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dXkidney /dt = time rate of change of mass of methylmercury in kidneys (mg/d)  
Qkidney =  the rate of blood flow to kidneys (L/d) 
Vkidney =  the volume of kidneys (L) 
Ckidney  =  the concentration of methylmercury in kidneys (mg/L) 
Xkidney  =  the mass of methylmercury in kidneys (mg) 
Pkidney  =  the kidney-to-blood partition coefficient (unitless) 
Rest of body compartment: 
VRest (dCRest /dt)  =  QRest (Cblood – (CRest/PRest))                                               (3-11) 
or, dXRest /dt   =  (QRestXblood / Vblood) – (QRestXRest / VRestPRest)                             (3-12) 
where,     
dCRest /dt = time rate of change of methylmercury concentration in the ‘rest of body’   
                  compartment (mg/L/d)  
dXRest /dt = time rate of change of mass of methylmercury in the ‘rest of body’   
                   compartment (mg/d)  
QRest =  the rate of blood flow to the ‘rest of body’ compartment (L/d) 
VRest =  the volume of the ‘rest of body’ compartment (L) 
CRest  =  the concentration of methylmercury in the ‘rest of body’ compartment (mg/L) 
XRest  =  the mass of methylmercury in the ‘rest of body’compartment (mg) 
PRest  =  the ‘rest of body’-to-blood partition coefficient (unitless) 
Blood compartment : 
Vblood dCblood /dt   =   (QbrainCbrain/Pbrain) + (QkidneyCkidney/Pkidney) + (QrestXrest/Prest) +  
                        (QliverXliver/ Pliver) – (Cblood)*(Qbrain + Qkidney + Qrest + Qliver)                 (3-13)  
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dXblood /dt   =   (QbrainXbrain/VbrainPbrain) + (QkidneyXkidney/VkidneyPkidney) + 
(QrestXrest/VrestPrest) + (QliverXliver/VliverPliver) –  
[(Xblood/Vblood)(Qbrain + Qkidney + Qrest + Qliver)]                                     (3-14)    
where,  
dCblood/dt = time rate of change of methylmercury concentration in the blood (mg/L/d) 
dXblood /dt = time rate of change of mass of methylmercury in the blood (mg/d)    
 
Model Parameters 
 The physiological and biochemical parameters for a PBPK model included tissue 
or organ volumes, rate of blood flow to each organ, tissue-to-blood partition coefficients, 
and kinetic rate constants (as appear in Equations 3-5 to 3-14). Input of the initial model 
or the rat model was a NOAEL of  0.1 mg of methylmercury/ kg body weight/ day, based 
on the experiment by Verschuuren et al. (1976; ATSDR, 1999a; 1999b).  
The cardiac output and tissue volumes of a rat were scaled from its body weight. 
The scaling model for cardiac output is 15 BW0.74 (cited in Andersen et al., 2001; Brown 
et al., 1997). The tissue volumes and tissue perfusion rates were estimated based on the 
scaling models published in the U.S. EPA report (2006b) and in Brown et al. (1997). The 
kinetic parameters for demethylation and elimination in a rat were taken from the work of 
Young et al. (2001). The partition coefficients for brain and kidney were from the work 
of Carrier et al. (2001). The liver-to-blood partition coefficient was assumed in this study 
to be the value in between the work of Young et al. (2001) and of Carrier et al. (2001).  
 For dugongs, the cardiac output and tissue perfusion rates were calculated from 
the scaling models for mammals presented in Fiserova-Bergerova (1995), which referred 
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to the studies by Stahl, (1967), Holt et al. (1968), and Mordenti (1986), and his own work 
on brain perfusion rate for non-primate mammals (Fiserova-Bergerova, 1995). The blood 
volume was assumed in this study as 18% of the body weight (BW). The assumption was 
made with respect to the blood volumes of some diving mammals, such as 15.9% BW in 
the New Zealand sea lions (Costa et al., 1998), 16% BW in the Southern elephant seals 
(Bert, 1870; Best and Tylor, 1961), 17.9% BW in the Harbor seals (Wasserman and 
Mackenzie, 1957), and 19.2% to 21.6% BW in the Northern elephant seals (Simpson et 
al., 1970; Costa et al., 1970).  
 The brain volume of a dugong was scaled from 0.09% BW, based on the weight 
of a 300-kg female dugong’s brain studied by Dexler (1912) (Husar, 1978) and the two 
dugongs studied by Hill (1945). The kidney volume was scaled from 0.23% BW, based 
on the kidney weights of dugongs (Hill, 1945) and of manatees (Trichechus latirostris) 
(Quiring and Harlan, 1953). Manatees and dugongs are in the same biological order, 
order Sirenians. The liver volume was estimated using 1.20 % BW, according to the liver 
of manatees (Quiring and Harlan, 1953). The kinetic parameters for demethylation and 
excretion and the tissue-to-blood partition coefficients were approximated from the 
scaling models by Young et al. (2001). 
 For humans, the body weights and body heights of males and females in Thailand 
were studied. The body weights and heights of Thai people were based on the 5th national 
survey on nutritional status (Nutrition Devision, 2003) and field survey in 2005 for more 
information on the elders. The body weight and height were used in the estimation of the 
body surface area (BSA), which was used to calculate for the cardiac output. The scaling 
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model for BSA (m2) is (BW * BHt/ 3600)0.5 (Mosteller, 1987) and the model to scale for 
the cardiac output (ml/min) is 3277*BSA0.62 (Simone et al., 1997).  
 The blood and tissue volumes were estimated using the ratios in Western humans 
(Haddad et al., 2001; Morse et al., 1947; ICRP, 1975; Altman and Dittmer, 1962) for age 
1 to 18 years old groups, and using fractions suggested by Cooney (1976) for the average 
adults. Males and females were considered different in blood and tissue volume fractions. 
The tissue-to-blood partition coefficients were used as cited in Clewell et al. (1999). The 
kinetic parameters were from Young et al. (2001).  
Brain perfusion rates were scaled from the rate coefficients derived from young to 
adolescent Westerns’ brain flows (Price et al., 2003) and volumes (Haddad et al., 2001). 
These rate coefficients (/h) were used to estimate the brain perfusions for Thais aged 1 to 
18 years old.  For populations aged 19 to 70 years, a constant rate coefficient of 32.57 /hr 
was applied, and the declined coefficients (31 and 30 /h) were assumed for the elders.  
The liver perfusion rates were calculated based on the rate coefficients as well, the 
coefficient was stable since age 15 to 100 years old. The rate coefficients for children and 
adults were derived using the hepatic blood flows and liver volumes published in various 
literature (e.g., Haddad et al., 2001; Price et al., 2003; Edginton et al., 2006; Sweeney et 
al., 2003; Cooney, 1976; Rescigno and Thakur, 1992). Blood flow rates to kidneys were 
based on the renal blood flow of 4.1±1.2 ml per min per gram kidney, independent of age 
(Grunert et al., 1990).  
The ‘rest of body’ compartment was comprised of muscle, skin, fat, heart, lungs, 
spleen, intestine, stomach, skeleton, hair, and other. Perfusion rates to the ‘rest of body’ 
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were calculated from the cardiac output minus the summation of brain, liver, and kidney 
blood flows. Parameters for a rat, a dugong, and a human used in PBPK modeling are 
tabulated in Table 3.3 – 3.5.  
 
Model Validation 
The PBPK model for a rat was validated with the experimental data by Coluccia 
et al. (2007).  The experiment was done on male Sprague-Dawley rats by administering a 
dosage of 0.75 mg/kg/day of methylmercury chloride orally since their postnatal day 14th  
to 23rd (or 10 days) to observe the neurological signs and the level of mercury in the brain 
tissues. The concentration of total mercury was found 0.82 ± 0.05 μg/g brain on the day 
after the final treatment. The PBPK model for a human was not validated as the authentic 
values of physiological parameters were used and other PBPK parameters were validated 
before. In addition, a toxicity test in humans showing the oral dose and the concentration 
of methylmercury in the brain has never been done. The test on methylmercury in human 
studied by Sherlock et al. (1984) showed only the total mercury in the blood.  
 
Parameter Sensitivity 
 The sensitivity of the NOAEL to each PBPK input parameter was estimated using 
a 1% increase in each parameter, which is commonly used in PBPK parameter sensitivity 
test (Robinson and Gearhart, 2005; Cronin and Oswald, 1993; Bois et al., 1990; Koizmi, 
1989). The sensitivity ratio (SR) or the elasticity equation (U.S. EPA, 2001) was used to 
determine the sensitivity for this study. Other methods such as the sensitivity coefficient 
(S) (Haefner, 1996; Robinson et al., 2005) can be used as well. 
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 For this research, a ‘local’ parameter sensitivity analysis, i.e., a change in single 
parameter when all other parameters are held constant (U.S. EPA, 2006b), was done to 
know not only the main influent parameters to the model output, i.e., the NOAEL, but 
also the uncertainty (or variability) of the parameter or the model. A parameter which has 
a relatively large impact on model output will contribute significantly to uncertainty (or 
variability) (Cronin and Oswald, 1993; Robinson and Gearhart, 2005; U.S. EPA, 2006b). 
It is recommended using the variability or distribution, instead of a point estimate,  for an 
input parameter if the SR greater than 2 (in absolute value) (U.S. EPA, 2001). However, 
Allen et al. (1996) has considered the SR larger than 1 (in absolute value) is of concern.  
 The sensitivity ratio (SR) recommended by the U.S. EPA (2001) is:   
  SR =  {(Y2 – Y1)/Y1}*100%                             (3-15) 
          {(X2 – X1)/X1}*100%  
 
where,  
Y1 = the baseline value of the output variable using baseline values of input variables 
Y2 = the value of the output variable after changing the value of one input variable 
X1 = the baseline point estimate for an input variable 
X2 = the value of the input variable after changing X1 
 The sensitivity tests were estimated for the rat, dugong and human PBPK models 
by using a 200-g rat, a 300-kg dugong, a 25-years-old Thai male, and a 42 years-old Thai 
female as the representatives, respectively.  
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Model Simulation 
 To obtain the solution of each scenario, the developed PBPK model was changed 
to the STELLA® version 8.1.1 (isee systems, Inc.) graphic model. The STELLA® PBPK 
models were created one for a rat and a dugong of body weight 100, 200, 300, 400, 500, 
and 600 kg (Figure 3.3), and the other one for a human aged 1 year old to a human aged 
100 years old (Figure 3.4). Two models were different in the parameters using for scaling 
to the cardiac output; a rat and a dugong model used the body weight to approximate for 
the cardiac output, whereas a human model used the body surface area to do so.  
 Simulations were done (1) to validate the rat model, (2) to get the concentration of 
methylmercury in the brain of a rat, after the validation, (3) to obtain the oral NOAEL for  
methylmercury for a 100-, 200-, 300-, 400-, 500-, and 600-kg dugong, and (4) to gain the 
age-specific oral NOAELs for methylmercury for Thai males and females, based on the 
NOAEL of methylmercury in the brain of a rat. 
 
Derivation of SfDs for Methylmercury 
The toxicologically safe doses (SfDs) for methylmercury in dugongs and human 
populations in Thailand were derived using oral NOAELs extrapolated from a rat’s brain 
NOAEL. Two kinds of SfDs were derived: (1) the ‘base estimate’ SfDs or the SfDs with 
none of the uncertainty factors applied, and (2) the ‘suggested’ SfDs which were derived 
using uncertainty factor valued 3 accounting for the pharmacodynamic deviation among 
individuals.     
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Table 3.3     Parameters used in PBPK modeling for a rat. 
 
 
Parameter 
 
 
Scaling model 
 
Source 
 
Body weight (kg) 
 
BW 
 
0.25 
 
U.S. EPA, 2006 
 
Cardiac output (L/hr) 
 
Q 
 
15 * BW0.74 
 
Sweeney et al., 2008  
 
Blood volume (L) 
 
Vblood 
 
0.074 * BW/ ρblood 
 
Sweeney et al., 2008  
 
 
Brain volume (L) 
 
Vbrain 
 
0.0083 * BW/ ρbrain 
 
U.S. EPA, 2006   
 
Liver volume (L) 
 
Vliver 
 
0.0516 * BW/ ρliver 
 
U.S. EPA, 2006   
 
Kidney volume (L) 
 
Vkidney
 
0.0091 * BW/ ρkidney 
 
U.S. EPA, 2006   
 
Rest of body volume (L) 
 
VRest 
 
0.857 * BW/ ρRest 
 
(The remainder) 
 
Blood flow to brain (L/h) 
 
Qbrain 
 
0.026 * Q  
 
U.S. EPA, 2006 
 
Blood flow to liver (L/h) 
 
Qliver 
 
0.221 * Q 
 
U.S. EPA, 2006 
 
Blood flow to kidney (L/h) 
 
Qkidney
 
0.19 * Q 
 
U.S. EPA, 2006 
 
Blood flow to Rest (L/h) 
 
QRest 
 
0.563 * Q 
 
(The remainder) 
 
Partition coefficient (P) for methylmercury in rats 
      
     Brain/ blood  
 
Pbrain/ 
 
0.095 
 
Young et al., 2001 
    
     Liver/ blood 
 
Pliver 
 
0.149 
 
Young et al., 2001 
    
     Kidney/ blood 
 
Pkidney 
 
1.56 
 
Carrier et al., 2001 
    
     Rest of body/ blood 
 
PRest 
 
2.17 
 
This study 
 
Kinetic rate constant (/d)  
 
    Demethylation  
 
k1 
 
1.58 
 
Young et al., 2001 
 
    Biliary clearance  
 
k2 
 
0.038 
 
Young et al., 2001 
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Table 3.4     Parameters used in PBPK modeling for a dugong. 
 
 
Parameter 
 
 
Scaling model 
 
Source 
 
Body weight (kg) 
 
BW 
 
100 - 600 
 
 
 
Cardiac output (L/min) 
 
Q 
 
0.187 * BW0.81 
 
Fiserova-Bergerova,  1995  
 
Blood volume (L) 
 
Vblood 
 
0.18 * BW/ρblood 
 
This study  
 
 
Brain volume (L) 
 
Vbrain 
 
0.0009 * BW/ρbrain 
 
This study 
 
Liver volume (L) 
 
Vliver 
 
0.012 * BW/ρliver 
 
This study   
 
Kidney volume (L) 
 
Vkidney
 
0.0023 * BW/ρkidney 
 
This study   
 
Rest of body volume (L) 
 
VRest 
 
0.8048 * BW/ρRest 
 
This study   
 
Blood flow to brain (ml/min) 
 
Qbrain 
 
3.36 * BW0.72 
 
Fiserova-Bergerova,  1995  
 
Blood flow to liver (L/min) 
 
Qliver 
 
0.0408 * BW0.792  
 
Fiserova-Bergerova,  1995 
 
Blood flow to kidney (L/min) 
 
Qkidney
 
0.0391 * BW.802 
 
Fiserova-Bergerova,  1995 
 
Blood flow to Rest (L/min) 
 
QRest 
 
Q - Qbrain - Qliver - Qkidney 
 
Partition coefficient (P) for methylmercury in dugongs 
    
     Brain/ blood 
 
logPbr 
 
0.081 logBW-0.4034 
 
Young et al., 2001 
    
     Liver/ blood 
 
logPlv 
 
0.079 logBW+0.1265
 
Young et al., 2001 
    
     Kidney/ blood 
 
logPkd 
 
0.019 logBW+0.6440
 
Young et al., 2001 
    
     Rest of body/ blood 
 
PRest 
 
1.658 
 
This study 
 
Kinetic rate constant (/d)  
 
     Demethylation  
 
log k1 
 
0.032 logBW-0.4685 
 
Young et al., 2001 
 
     Biliary clearance  
 
log k2 
 
0.114 logBW-0.4449 
 
Young et al., 2001 
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Table 3.5     Parameters used in PBPK modeling for a human. 
 
Parameter 
 
 
Scaling model 
 
Source 
 
Blood volume (L) for male all ages 
 
Vblood 
 
0.0884*BW/1.056 
 
(1*) 
 
 
Blood volume (L) for female all ages 
 
Vblood 
 
0.0750*BW/1.056 
 
(1*) 
 
 
Brain volume (L) for adult males  
 
Vbrain 
 
0.0245*BW/1.036 
 
(2*) 
 
Brain volume (L) for adult females  
 
Vbrain 
 
0.0241*BW/1.036 
 
(2*) 
 
Liver volume (L) for adult males  
 
Vliver 
 
 0.0250*BW/1.067 
 
 
(3*) 
 
Liver volume (L) for adult females 
 
Vliver 
 
0.0256*BW/1.067 
 
 
(3*) 
 
Kidney volume (L) for adult males 
 
Vkidney
 
0.0043*BW/1.050 
 
(4*) 
 
Kidney volume (L) for adult females 
 
Vkidney
 
0.0045*BW/1.050 
 
(4*) 
 
Rest of body volume (L) for adult males 
 
VRest 
 
0.8587*BW/1.095 
 
(5*) 
 
Rest of body volume (L) for adult females 
 
VRest 
 
0.8710*BW/1.095 
 
(5*) 
 
Blood flow to brain (L/h) adult males 
 
Qbrain 
 
32.57 * Vbrain 
 
(6*) 
 
Blood flow to liver (L/h) adult females 
 
Qliver 
 
51.29 * Vliver 
 
(6*) 
 
Blood flow to kidney (L/h) adult males 
 
Qkidney
 
295.55 * Vkidney 
 
(6*) 
 
Blood flow to Rest (L/h) adult females 
 
QRest 
 
1.95 * VRest 
 
(6*) 
    
Brain/blood partition coefficient 
 
Pbrian 
 
3 
 
 
(7*) 
    
Liver/blood partition coefficient 
 
Pliver 
 
5 
 
 
(7*) 
    
Kidney/blood partition coefficient 
 
Pkidney 
 
4 
 
 
(7*) 
    
Rest /blood partition coefficient 
 
PRest 
 
1.5 
 
 
(8*) 
 
Demethylation rate constant (/d) 
 
k1 
 
0.107 
 
 
(9*) 
 
Biliary clearance rate constant m(/d) 
 
k2 
 
0.001 
 
 
(9*) 
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Notes for Table 3.5: 
(1*)  Models were derived from blood volume data in Haddad et al. (2001) and 1.056 is  
the figure for blood density (kg/L) 
 
(2*)  Models were derived from brain weight data in Haddad et al. (2001), which were 
from Altman and Dittmer (1962). The density of brain tissue is 1.036 kg/L.  
 
(3*) Models were derived from liver weight data in Haddad et al. (2001), which were 
from Altman and Dittmer (1962). The liver density is 1.067 kg/L. 
 
(4*) Models were derived from kidney weight data in Haddad et al. (2001), which 
were from Altman and Dittmer (1962). The kidney density is 1.050 kg/L. 
 
(5*) Models were derived from weight data of the remaining tissues in Haddad et al. 
(2001), which were from Altman and Dittmer (1962); ICRP (1975); Fomon et al. 
(1982); NRC (1993).  The density of the rest of body compartment (1.095 kg/L) 
was calculated from weights and volumes of muscle, skin, fat, heart, lungs, 
spleen, intestine, stomach, skeleton, hair, and other.  
 
(6*) The figure: 32.57, 51.29, 295.55, 1.95 are the rate constants of blood flow to each 
organ compartment as described earlier above.  
 
(7*) The partition coefficients were from the mean values in Clewell et al. (1999) and 
Shipp et al. (2001). 
 
(8*) The partition coefficients was assumed in this study. 
 
(9*) The values for kinetic parameters were from Young et al. (2001). 
• Adults in this study refer to males and females of age more than 18 years old.  
• Parameters regarding tissue volume and tissue perfusion rates for males and 
females are presented in Appendix A and B, respectively. 
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Figure 3.3 A PBPK model in STELLA® graphic structure developed for simulating 
for the dose metric of methylmercury in a rat  and in a dugong.  
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Figure 3.4 A developed PBPK model in STELLA® graphic structure for simulating 
for the dose metric of methylmercury in a human.  
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Result 1: PBPK Model Validation 
 The PBPK model developed for a rat was proceeded using a 75 g rat as a subject; 
the weight of a general male Sprague-Dawley rat aged about 22 - 27 days is around 50 - 
74 grams (as advertised in http://www.aceanimals.com/SpragueDawley.htm, 2009) and 
the dosage was 0.75 mg/kg/d. The resulting methylmercury concentration in the brain of 
a rat at the end of day 11th of the simulation was 0.704 μg/gbrain. If the demethylation in a 
test rat undergoes with a first-order rate constant of 0.158 per day (considered 10% lower 
than the rate in an adult rat, which is 1.58 per day (Young et al., 2001)), the Hg2+ can be 
found in its brain about 0.09 μg/g. Consequently, the total mercury in its brain should be 
0.79 μg/g, i.e., equals 0.704 ug/g methylmercury plus 0.09 ug/g Hg2+. 
By comparing to the average concentration of total mercury in the brains of test 
rats by Coluccia et al. (2007), which is 0.82 ± 0.05 μg/g at the day 11th after consumed 
methylmercury 0.75 mg/kg/d for 10 days, it can be concluded that the developed PBPK 
model was in close agreement with the experimental data (Figure 3.5). 
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PBPK model: MeHg in the brain f rom an oral 0.75 mg/kg/d in a 75 g rat  
Figure 3.5    Methylmercury concentration in the rat’s brain from oral dose 0.75 mg/kg/d. 
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Result 2:  Parameter Sensitivity 
 The sensitivity ratios for the NOAELs are presented in Table 3.6 and Figure 3.6. 
All NOAELs, i.e., NOAELs for a rat, a dugong, a human male and a human female, are 
significantly sensitive to the brain volume, the blood flow to the brain and the fraction of 
absorption of methylmercury in the gastrointestinal tract. However, the sensitivity ratios 
are not greater than 2.  
 
Table 3.6    Sensitivity ratios for the NOAELs. 
  
 
SR for the NOAEL 
Parameter  Rat  Dugong 
Human  
male  
Human  
female  
 
Blood volume V_blood 0 0 0 0 
Brain volume       V_brain 0.996 0.995 0.997 1.0008 
Liver volume               V_liver 0 0 0 0 
Kidney volume            V_kidney 0 0 0 0 
Rest of body volume    V_Rest 0 0 0 0 
Fraction of blood flow to brain F_Qbrain  -0.9901 -0.9908 -0.9906 -0.9848 
Fraction of blood flow to liver F_Qliver 0 0 0 0 
Fraction of blood flow to kidney F_Qkidney 0 0 0 0 
Fraction of blood flow to rest F_QRest 0 0 0 0 
Brain/blood partition coefficient P_brain 0 0 0 0 
Liver/blood partition coefficient P_liver 0 0 0 0 
Kidney/blood partition coeff. P_kidney 0 0 0 0 
Rest/blood partition coefficient P_Rest 0 0 0 0 
Demethylation rate constant  k1 0 0 0 0 
Biliary clearance rate constant  k2 0 0 0 0 
Fraction of MeHg absorption  fabs -0.9901 -0.9908 -0.9906 -0.9880 
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Figure 3.6     Sensitivity analysis for the NOAEL to PBPK input parameters. 
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Result 3:  NOAEL in the Brain of a Rat 
 The NOAEL of 0.1 mg methylmercury/ kg body weight/ day was applied in a rat 
PBPK model. This dosage is ‘safe’ to neurological effects for rats from chronic exposure, 
two years, to methylmercury, according to Verschuuren et al. (1976). The simulations 
were done for a 200-, 250-, 300-, 350-, 400-, 450-, and 500-gram rat. The simulations 
returned the same concentration of methylmercury in the brain which was 99.14 μg/gbrain 
at steady state and 65.97 μg/gbrain after two years (Figure 3.7).  Since rats in the toxicity 
test exposed to methylmercury for two years and the lifespan of a rat is not long as the 
time a chemical reaches the steady-state (in this study is around ten years); appropriately, 
the concentration of 65.97 μg/gbrain was used as a ‘safe’ concentration at the target organ 
in dugong and human simulations.   
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Figure 3.7    Methylmercury concentration in the rat’s brain from oral dose 0.1 mg/kg/d. 
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Result 4: Oral NOAELs for Dugongs 
 The STELLA® PBPK model for a dugong was input with a trial dose that could 
make the concentration at the brain compartment equal to 65.97 μg/gbrain. The input that 
corresponded to the ‘safe’ concentration of methylmercury at the brain was described as 
the oral NOAEL for a dugong. The simulations were carried out for a 100-, 200-, 300-, 
400, 500-, and 600-kg dugong and the models returned the same dosage of NOAEL 
which was 0.00975 mg/kg/d. (If based on the steady-state concentration, 99.14 μg/gbrain, 
the NOAEL for dugongs would be 0.015 mg/kg/d.)  A graph demonstrating the body 
weight-based NOAELs of methylmercury to neurotoxic effects for dugongs is given in 
Figure 3.8.  The results from STELLA® simulation are shown in Figure 3.9 and 3.10. 
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 Figure 3.8   The oral NOAELs for methylmercury to neurotoxicity in dugongs. 
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Figure 3.9     Concentration of methylmercury in dugong’s brain (mg/g brain)  
        following an oral dose 0.00975 mg/kg/d. 
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           Figure 3.10   Concentrations of methylmercury in other compartments of a dugong  
        (g/L tissue) following an oral dose 0.00975 mg/kg/d. 
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Result 5:  Oral NOAELs for Thai  Populations 
 The simulations for Thai humans were done for every age group of 1 to 100 years 
old males and females. A trial dose of exposure, i.e., an oral NOAEL, was put in until the 
concentration of methylmercury at the brain compartment reached 65.97 μg/gbrain for each 
simulation.  The resulting age-specific NOAELs (mg/d) for Thai males (Figure 3.11) and 
females (Figure 3.12) are relatively consistent with their body weights, i.e., the NOAELs 
are higher in the heavier in body weight populations (Figure 3.13).   
The highest NOAEL (mg/d) in male populations was 0.19 mg/d in a 44-years-old 
group and the lowest was 0.077 mg/d in a 1-year-old group (Figure 3.11; Appendix A). In 
females, the NOAEL (mg/d) was found greatest as 0.18 mg/d in a 42-years-old group and 
smallest as 0.072 mg/d in a 1-year-old group also (Figure 3.12; Appendix B). Dosages for 
young male population increase dramatically from age 1 to age 16 years old (from 0.077 
to 0.16 mg/d) and relatively constant around 0.18 mg/d since age 17 to 24 years old. The 
average NOAEL for young adults and adults was around 0.19 mg/d and was decreased to 
the minimum of 0.13 mg/d in elderly male populations.  
The standardized NOAELs (mg/kg/d) in young male and female populations were 
higher than those in adult populations.  The average adult NOAEL (mg/kg/d) was around 
0.0031 mg/kg/d.  Every standardized NOAELs for males and females are in Appendix A 
and Appendix B, and also demonstrated in line chart (Figure 3.14 and 3.15).  Age-range 
NOAELs for male and female groups are tabulated in Table 3.7.  The simulated results of 
STELLA® PBPK model (e.g., Figure 3.16 and 3.17) shows that the general accumulation 
of methylmercury in human was highest in the kidneys.  
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 Figure 3.11   Oral NOAELs (mg/d) for methylmercury to neurotoxicity for Thai males. 
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 Figure 3.12  Oral NOAELs (mg/d) for methylmercury to neurotoxicity for Thai females. 
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 Figure 3.13   Mean body weight of each age group of Thai  populations. 
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Table 3.7    Mean NOAELs of methylmercury to neurotoxicity for Thai populations. 
 
NOAEL  
mean + S.D. (mg/kg/d) 
 
 
Age  
(years) Males  
Females 
1 - 5 0.006433 + 0.000800 0.006359 + 0.000712 
6 - 10 0.004578 + 0.000435 0.004544 + 0.000452 
11 - 15 0.003248 + 0.000218 0.003242 + 0.000193 
16 - 20 0.003066 + 0.000017 0.003091 + 0.000022 
21 - 25 0.003058 + 0.000021 0.003105 + 0.000003 
26 - 30 0.003099 + 0.000005 0.003101 + 0.000007 
31 - 35 0.003104 + 0.000032 0.003102 + 0.000011 
36 - 40 0.003120 + 0.000035 0.003111 + 0.000001 
41 - 45 0.003192 + 0.000015 0.003112 + 0.000001 
 42 - 50 0.003112 + 0.000057 0.003109 + 0.000001 
51 - 55 0.003036 + 0.000007 0.003116 + 0.000008 
56 - 60 0.003040 + 0.000000 0.003112 + 0.000001 
61 - 65 0.003048 + 0.000008 0.003111 + 0.000001 
66 - 70 0.003061 + 0.000011 0.003105 + 0.000007 
71 - 75 0.003079 + 0.000009 0.003102 + 0.000004 
76 - 80 0.003073 + 0.000045 0.003112 + 0.000002 
81 - 85 0.003066 + 0.000022 0.003115 + 0.000002 
86 - 90 0.003070 + 0.000000 0.003120 + 0.000001 
91 - 95 0.003068 + 0.000027 0.003121 + 0.000001 
96 - 100 0.003065 + 0.000000 0.003122 + 0.000000 
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Figure 3.14  Oral NOAELs (mg/kg/d) for methylmercury to neurotoxicity for Thai males. 
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Figure 3.15   Oral NOAELs (mg/kg/d) for methylmercury to neurotoxicity for Thai  
          females. 
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Figure 3.16     Concentration of methylmercury in the brain of a 10 years-old Thai male  
(mg/g brain) following an oral dose 0.0039 mg/kg/d or 0.111 mg/d. 
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Figure 3.17    Concentrations of methylmercury in the kidney, liver, and blood of a 10- 
years-old Thai male (g/L tissue) following an oral dose 0.0039 mg/kg/d  
or 0.111 mg/d. 
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Result 6:  SfDs for Dugongs and Thai Humans                 
 From the extrapolated NOAELs described earlier, two kinds of the toxicologically 
safe doses (SfDs) of methylmercury were derived for species: (i) the ‘base estimate’ SfD 
and (ii) the ‘suggested’ SfD. The herein ‘base estimate’ SfD was the dose that none of the 
uncertainty factors (UFs) were applied. The ‘suggested’ SfD in this study was derived by 
using the UF valued 3 accounting for the pharmacodynamic deviation among individuals.      
 The ‘base estimate’ SfD for methylmercury for dugongs was 0.00975 mg/kg/d 
and the ‘suggested’ SfD was 0.00325 mg/kg/d. The body weight based ‘based estimate’ 
SfDs (mg/d) for dugongs are shown in Figure 3.18. The age-specific ‘base estimate’ SfDs 
(mg/d) and ‘suggested’ SfDs (mg/d) for Thai males and females are shown in Figure 3.19 
and 3.20. The average ‘suggested’ SfD for adults was 0.001 mg/kg/d whereas the ‘base 
estimate’ SfD was 0.003 mg/kg/d (Table 3.8 and 3.9) 
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 Figure 3.18   The oral SfDs (mg/d) for methylmercury to neurotoxicity in dugongs. 
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Figure 3.19   The oral SfDs (mg/d) of methylmercury to neurotoxicity for Thai males . 
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Figure 3.20 The oral SfDs (mg/d) of methylmercury to neurotoxicity for Thai females. 
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Table 3.8    Mean SfDs of methylmercury to neurotoxicity for Thai male populations. 
 
 
SfDs for Thai males: Mean + S.D. (mg/kg/d) 
 
 
Age  
(years) base-estimate SfD  
suggested SfD 
1 - 5 0.006433 + 0.000800 0.002144 + 0.000712 
6 - 10 0.004578 + 0.000435 0.001526 + 0.000145 
11 - 15 0.003248 + 0.000218 0.001083 + 0.000073 
16 - 20 0.003066 + 0.000017 0.001022 + 0.000006 
21 - 25 0.003058 + 0.000021 0.001019 + 0.000007 
26 - 30 0.003099 + 0.000005 0.001033 + 0.000002 
31 - 35 0.003104 + 0.000032 0.001035 + 0.000011 
36 - 40 0.003120 + 0.000035 0.001040 + 0.000012 
41 - 45 0.003192 + 0.000015 0.001064 + 0.000005 
 42 - 50 0.003112 + 0.000057 0.001037 + 0.000019 
51 - 55 0.003036 + 0.000007 0.001012 + 0.000002 
56 - 60 0.003040 + 0.000000 0.001013 + 0.000000 
61 - 65 0.003048 + 0.000008 0.001016 + 0.000003 
66 - 70 0.003061 + 0.000011 0.001020 + 0.000004 
71 - 75 0.003079 + 0.000009 0.001026 + 0.000003 
76 - 80 0.003073 + 0.000045 0.001024 + 0.000015 
81 - 85 0.003066 + 0.000022 0.001022 + 0.000007 
86 - 90 0.003070 + 0.000000 0.001023 + 0.000000 
91 - 95 0.003068 + 0.000027 0.001023 + 0.000009 
96 - 100 0.003065 + 0.000000 0.001022 + 0.000000 
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Table 3.9    Mean SfDs of methylmercury to neurotoxicity for Thai female populations. 
 
 
SfDs for Thai females: Mean + S.D. (mg/kg/d)  
 
 
Age  
(years) 
 
base-estimate SfD  suggested SfD 
1 - 5 0.006359 + 0.000712 0.002120 + 0.000237 
6 - 10 0.004544 + 0.000452 0.001515 + 0.000151 
11 - 15 0.003242 + 0.000193 0.001081 + 0.000064 
16 - 20 0.003091 + 0.000022 0.001030 + 0.000007 
21 - 25 0.003105 + 0.000003 0.001035 + 0.000001 
26 - 30 0.003101 + 0.000007 0.001034 + 0.000002 
31 - 35 0.003102 + 0.000011 0.001034 + 0.000004 
36 - 40 0.003111 + 0.000001 0.001037 + 0.000000 
41 - 45 0.003112 + 0.000001 0.001037 + 0.000000 
 42 - 50 0.003109 + 0.000001 0.001036 + 0.000000 
51 - 55 0.003116 + 0.000008 0.001039 + 0.000003 
56 - 60 0.003112 + 0.000001 0.001037 + 0.000000 
61 - 65 0.003111 + 0.000001 0.001037 + 0.000000 
66 - 70 0.003105 + 0.000007 0.001035 + 0.000002 
71 - 75 0.003102 + 0.000004 0.001034 + 0.000001 
76 - 80 0.003112 + 0.000002 0.001037 + 0.000001 
81 - 85 0.003115 + 0.000002 0.001038 + 0.000001 
86 - 90 0.003120 + 0.000001 0.001040 + 0.000000 
91 - 95 0.003121 + 0.000001 0.001040 + 0.000000 
96 - 100 0.003122 + 0.000000 0.001041 + 0.000000 
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Discussion 1: Toxicological Approach is Doable. 
 By using the animal toxicity test data and PBPK modeling method, the NOAELs 
for methylmercury can be extrapolated for humans and wildlife species, as shown above.  
Although a ‘safe’ dose for a dugong cannot be validated at this time, due to the limitation 
in conducting experiments; assessors can count on this dose by comparing it to the ‘safe’ 
doses in other mammal species previously tested such as monkeys.  The NOAELs for a 
dugong extrapolated in this study is 0.00975 mg/kg/d or roughly 0.01 mg/kg/d. This dose 
is just about a NOAEL in the chronic tests on the Cynomolgus monkeys (Table 3.10). 
However, a dosage of 0.016 mg methylmercury/kg/d (equivalent to 0.015 mg Hg/kg/d) is 
reported to be the cause of the degeneration of cerebellum and the cerebral cortex in cats 
(Chang et al., 1974).  Monkeys and cats are more susceptible to the neurotoxic effects of 
organic mercury than rodents (ATSDR, 1999a). 
 
Table 3.10    NOAELs for methylmercury in monkeys from toxicity tests. 
 
Species  
 
Exposure 
(days) 
 
NOAEL 
(mg Hg/kg/d) 
 
Reference 
 
Cynomolgus monkeys 
 
62 – 327 
 
0.02 
 
Sato and Ikuta, 1975 
Macaque monkeys 87–256 0.4 Evans et al., 1977 
Macaca fascicularis 177–395 0.043 Bubacher et al., 1984 
Macaca fascicularis 120 0.06 Bubacher et al., 1988 
Macaca fascicularis 150 0.04 Petruccioli and Turillazzi, 1991 
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 The derived safe dose (SfD) for methylmercury for an average Thai human adult, 
by using the NOAELs extrapolated from animal data (i.e., a toxicological approach), is  
greater than the current reference dose (RfD) developed by the U.S. EPA and the minimal 
risk level (MRL) by the ATSDR.  Both the RfD and MRL for methylmercury for humans 
have been derived by way of epidemiological approach or using human data to obtain the 
safe levels. An RfD for methylmercury is 0.1 μg/kg/d, while a MRL is 0.3 μg/kg/d. These 
two ‘safe’ doses are derived based on an average woman of body weight of 67 kg (for the  
RfD) and 60 kg (for the MRL) (U.S. EPA/ IRIS, 2006; ATSDR, 1999a). If based on the 
body weight of 60 kg of Thai women, the suggested SfD for methylmercury will be 1.0 
μg/kg/d, which is 10 times larger than the RfD or around 3.3 times greater than the MRL.   
 However, when compared to the site-specific RfD for methylmercury for fish-
eating populations at the Lavaca Bay in Texas derived by Shipp et al. (2000), which the 
variability of each parameter was considered and the derivation returned a range of RfDs 
of 0.3 to 1.1 μg/kg/d, the SfD derived for Thai adults appears to be existed in this RfD 
span. In addition, if the derivation of a SfD applied the UF 10 instead of 3, the suggested 
SfD for Thai human adults would be 0.3 μg/kg/d, which equals the current MRL for 
methylmercury.  
 Moreover, even though the RfD and the MRL for methylmercury were developed 
using human biomarkers, e.g., the cord blood or the skull hair, these markers were being 
extrapolated further as well, i.e., from blood to the external level or from blood to hair to 
external or oral dose, by a one-compartment model. The benchmark dose levels (BMDL) 
extrapolated from the human cord blood were ranging from 0.857 to 1.472 μg/kg/d (U.S. 
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EPA/ IRIS, 2006), while the NOAEL extrapolated from the maternal hair (15.3 ppm) to 
the blood (0.061 mg/L) was 1.3 μg/kg/d for a methylmercury (ATSDR, 1999a). These 
oral doses are smaller than the PBPK-NOAEL derived in this study (3.1 μg/kg/d), based 
upon the same basis of a 60-kg adult human. It can not be concluded at this point which 
approach is better. The conventional methods used the human information (intra-species) 
but based on a single compartmental model, whereas this study employed the animal data 
from the toxicity test (inter-species) but used a multiple compartment model representing 
a more realistic pharmacokinetic behavior of a methylmercury in the human body. By the 
estimated NOAELs, therefore, it can be considered that a toxicological approach is still a 
doable practice for the extrapolation of a toxic chemical, especially methylmercury,  from 
a rat to a human. Moreover, this approach, i.e., using the animal toxicity test information 
in combination with a PBPK modeling method, allows obtaining the NOAEL for children 
which is different from that of for adults, according to the differences in their physiology 
and anatomy as well as kinetic parameters., The NOAEL for children studied in this 
study was 6.4 μg/kg/d for children aged 1 to 5 years old and was 4.5 μg/kg/d for children 
aged 6 to 10 years old (Table 3.7).  
 
Discussion 2: SfDs for Children Should be Adjusted. 
 Even though the NOAEL for methylmercury standardized by the body weight for 
children (μg/kg/d) in this study appears to be larger than that for the adult population, the 
actual age-based NOAELs (μg/d) for young populations are not greater than those for the 
adult populations (Figure 3.11 and 3.12, or Figure 3.19 and 3.20 in SfD forms). The SfDs 
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for methylmercury to neurotoxicity suggested for a 1-year-old population was 0.026 mg/d 
and increased to 0.038 mg/d in a 10-years-old population (more in Appendix A and B). 
 Nevertheless, because the adverse effects associated with methylmercury leading 
to the neurological impairments in children are relating to the developments of the body 
systems and functions at the early life stage (e.g., reported by Engleson and Herner, 1952; 
Bakir et al. 1973; Snyder and Seelinger, 1976; Harada, 1978; Amin-Zaki et al., 1974; and 
McKeown-Eyssen et al., 1983); the developmental effects caused by this chemical should 
be considered in the derivation of a SfD for a young person whose brain is developing.  
 To take the developmental effects from methylmercury to young age populations 
into consideration, another set of PBPK simulations was conducted. The PBPK model for 
this purpose used the oral NOAEL of 0.05 mg/kg/d (NOAEL for methylmercury in a rat 
to the developmental effects (Khera and Tabacova, 1973), which was lower than the one 
to the neurological effects, to predict the NOAEL for the populations of age 1 to 10 years 
old. The simulations turned in the oral NOAELs ranging from 3.7 to 1.9 μg/kg/d with an 
average of 2.6 μg/kg/d for young human females and 2.7 μg/kg/d for young males (Table 
3.11).  The SfDs for methylmercury then can be adjusted appropriate to each population 
groups of Thai males and females (Figure 3.21 and 3.22).  
 
 Discussion 3:  Uncertainty Still Exists But is Identifiable.  
 Although a PBPK model can reduce uncertainty factor concerning the interspecies 
differences in pharmacokinetics of the methylmercury, still uncertainty exists. This study 
applied the same kinetic rate constants for the demethylation in the liver and the excretion 
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from the liver for every age group of Thai humans, as well as the fraction of absorption of 
methyl mercury to the blood stream. It is commonly known that there can not be exactly 
the same in disposition of a chemical in each individual, especially between children and 
adults. Even though the sensitivity analysis indicated the certainty of the parameters, i.e., 
the SR less than 2 (U.S. EPA, 2001), the variability of these parameters should be studied 
specifically to each age group, especially the brain volume and blood flow to the brain as 
well as the fractions of methylmercury absorption in children and in adults. The three 
mentioned parameters, i.e., brain volume, blood flow to the brain, and absorption 
fraction, are considered significantly powerful to the PBPK model based on the SR of 1 
(Allen et al., 1996).  For dugong prediction, all parameters have been scaled and the 
model could not be validated per se. However the result are comparable to some 
monkeys and more investigations are needed to better validate the results.  Also, the 
validation of a rat model could be more useful if more cases of toxicity tests are 
available.        
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Table 3.11     The ‘safe’ levels of methylmercury to developmental effects in young  
humans.  
 
 
Males 
 
Females 
Age 
(years) 
 
 
NOAEL 
(mg/kg/d) 
 
NOAEL 
(mg/d) 
 
SfD2 
(mg/kg/d) 
 
NOAEL 
(mg/kg/d) 
 
NOAEL 
(mg/d) 
 
SfD2 
(mg/kg/d) 
 
  
1 
 
0.003768 
 
0.03840 
 
0.001256 0.003687 0.03621 0.001229 
2 0.003368 0.04223 0.001123 0.003310 0.04002 0.001103 
3 0.003248 0.04661 0.001083 0.003165 0.04440 0.001055 
4 0.003006 0.04707 0.001002 0.002300 0.03452 0.000767 
5 0.002698 0.04538 0.000899 0.002732 0.04631 0.000911 
6 0.002470 0.04760 0.000823 0.002456 0.04846 0.000819 
7 0.002438 0.05339 0.000813 0.002423 0.05093 0.000808 
8 0.002392 0.05688 0.000797 0.002374 0.05474 0.000791 
9 0.002205 0.05980 0.000735 0.002198 0.05899 0.000733 
10 0.001945 0.05551 0.000648 0.001908 0.06125 0.000636 
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Figure 3.21   The adjusted SfDs for methylmercury to neurotoxicity for Thai males. 
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Figure 3.22   The adjusted SfDs for methylmercury to neurotoxicity for Thai females. 
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Conclusions 
The physiologically-based pharmacokinetic (PBPK) modeling was used to aid the 
derivation of the ‘safe’ doses (SfDs) for methylmercury for Thai humans and the native 
wildlife species of Thailand, the dugongs (Dugong dugon), by extrapolating from the safe  
dose of this chemical in a test rat to neurological impairments. The external ‘safe’ dose or 
the NOAEL for methylmercury to neurotoxicity in rats (0.1 mg/kg/d, Verschuuren et al., 
1976) was used to achieve the at-brain concentration of methylmercury or the internal 
‘safe’ level in a rat by using the PBPK model developed in this study. The ‘safe’ NOAEL 
of methylmercury at the brain of a test rat was 99.14 μg/gbrain at steady state and 65.97 
μg/gbrain after two years. This study has considered the 2-years concentration as a basis 
for the extrapolations to other species since the lifespan of a rat is around 2 years. 
Based on the basic concept that it is the same concentration of a chemical in the 
target organs of any mammalian species that causes the observed or no observed effects 
to such species, the inter-species extrapolations were done from a rat to dugongs and Thai 
human populations. From the at-brain concentration of methylmercury 65.97 ug/g brain, a 
PBPK model was developed and simulated for a representative dugong of the body 
weight 100, 200, 300, 400, 500, and 600 kg and for Thai human males and females of age 
1 years to age 100 years groups. A PBPK model was converted to a STELLA® graphic 
model for the simulations, and the body weight-based NOAELs for dugong population 
and the age-based NOAELs for Thai human populations were satisfactorily achieved by 
means of this model. The resulted NOAEL was further used in the derivation of a ‘safe’ 
dose (SfD) for methylmercury for dugongs and for humans.  
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The SfDs were classified herein into 2 types: the base-estimate SfD (i.,e., without 
any uncertainty factors applied) and the suggested SfD (i.e., with uncertainty factor of 3 
accounted for the uncertainty in pharmacodynamics among individuals). The SfDs were 
increased as the body weight increased in dugong populations and the normalized base-
estimate SfD was 0.01 mg/kg/d and the suggested SfD was 0.003 mg/kg/d for dugongs to 
neurotoxicity from methylmercury, which are lower than the safe level in methylmercury 
sensitive species such as monkeys and cats.  
The age-specific base-estimate SfDs for methylmercury for Thai male and female 
populations varied from 0.07 to 0.19 mg/d and was 0.003 mg/kg/d in average adults when 
standardized with the body weight. The SfDs suggested for adult populations in this study 
was 1.0 μg/kg/d.  Even though, this recommended dose is larger than the current RfD for 
methylmercury to the developmental neuropsychological impairment (0.1 μg/kg/d) by the 
U.S. EPA or than the MRL (0.3 μg/kg/d) by the ATSDR; it is still in a range of the RfDs 
derived by considering the uncertainty and variability of parameters (0.3 – 1.1 μg/kg/d) 
by Shipp et al. (2000). Furthermore, if the external NOAEL to the developmental effects 
in rats (0.05 mg/kg/d) is used instead, the NOAEL for methylmercury for average adults 
will change to 1.558 μg/kg/d and the suggested SfD will be 0.5 μg/kg/d.  
In conclusion, a toxicologically safe dose for methylmercury to neurological and/ 
or neurodevelopmental effects in a dugong or a human can be obtained using the animal 
toxicity test data, the interspecies extrapolation assumption and the PBPK modeling. This 
approach can provide more applications to other species and hence allows ecological risk 
assessment moves to the next step with more reliability.  
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CHAPTER FOUR 
PROSPECTIVE RISKS OF MERCURY IN THAILAND 
 
Background 
The environmental mercury problem related to a coal-fired power plant occurs on 
the grounds that the trace mercury retained in the fuel coal (Richaud et al., 1998; Toole-
O’Neil, et al., 1999) can be transformed into toxic species in the combustion chamber of 
a power plant and at last released into the atmosphere via the plant’s stack (U.S. DOE, 
1995; 1996a; 1996b; U.S. EPA, 1998b). The major species of mercury in the emitted flue 
gas are the gaseous elemental mercury (Hg0) and the gaseous divalent mercury (Hg2+ or 
Hg2+) (Galbreath and Zygarlicke, 1996; 2000). These mercury species then involve the 
formation of methylmercury (CH3Hg+ or MeHg), the most toxic form of mercury, in the 
aquatic environments nearby and far away from the power plant (U.S.EPA, 1997a; UNEP 
Chemicals, 2002).  
A large amount of coal burned each day year round by the power plant together 
with the bioaccumulation ability of methylmercury as well as its biomagnification in 
other higher trophic level organisms within the food chain (Brown et al., 1999; U.S.EPA, 
1997a; WHO/ICPS, 1990; Bernhard et al., 1982) have been the major issues leading 
several organizations to concern on toxicological effects from exposures to mercury in 
humans and wildlife species in the vicinity of a coal-fired power plant (ATSDR, 1999a; 
U.S. EPA, 2005a, 2006). 
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A large coal-fired power plant is normally projected to be installed near the sea 
for the major reason in the ease of taking up seawater to cool down its operation systems 
as well as to treat the processed wastewaters (Ishai and Lifshitz, 1999; U.S. EPA, 1979), 
and  sometimes to treat the polluted air, i.e., sulfur dioxide, from coal combustion (Marle 
and Turner, 2007).   
However, the day-after-day atmospheric dispersion and deposition of coal-burned 
mercury species can then cause the problem of mercury contamination to the coastal area. 
Mercury deposited may be either emitted as vapor or particulate Hg2+ or oxidized from 
the gaseous Hg0, i.e., Hg2+. Both will initiate the biomethylation of mercury in the aquatic 
environments causing MeHg to be existed and persistent in that coastal area (U.S. EPA, 
1997a; U.S. GS, 2000). Therefore, any coastal coal-fired power plants can be assumed 
having a non-zero risk from mercury to aquatic species and also to humans who consume 
aquatic species contaminated with this chemical. 
 
Research Questions 
 
The latest reclaimed land at the upper part of the Gulf of Thailand has been a site 
of the existing 1,434 megawatts (MW) coal-fired power plant (OEPP, 1997, 2001; EPPO, 
1999; ADB, 2003) since 2007 and more plants are speculated to be installed.  This place 
is located in the area called the Map Ta Phut (MTP) industrial zone, the largest industrial 
region of Thailand (ONEP, 2005a).  
There is concern because the MTP area is close to many residential communities 
and adjacent to the Gulf of Thailand, the country’s most important source of seafood and 
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holds the world high ranking in richness in biodiversity (ONEP, 2006a).  Moreover, this  
area is used to be a habitat for dugongs (Dugong dugon), a native and endangered species 
of Thailand, in the past more than 50 years (ONEP, 2006b). 
Accordingly, a study concerning the impacts of mercury from a hypothetical coal-
fired power plant to the MTP coastal area was conducted particularly to answer two main 
questions: (1) Will the MTP coastal region be safe from toxicity as a consequence of the 
increased mercury contamination?  (2) Would toxicity of mercury prevent the restoration 
of the MTP Bay nearby a power plant as a habitat for the dugongs?  
The safety of the MTP area mentioned in the first question was emphasized herein 
on the key marine species inhabiting in the MTP Bay including the adjacent Rayong Bay.  
Toxicological risk caused by mercury toxicity was used in the determination of the safety 
to each species of concern. The second research question was set up for the feasibility of 
a ‘dugongs return home’ project planning to bring back the dugongs to the Rayong Bay. 
 
Objectives of the Study 
 
 To answer the research questions, three general objectives were established.  
 
1. Assess the current risks posed by mercury contaminated in the Gulf of Thailand to 
Thai human populations, marine plankton and marine fish inhabiting nearby the 
MTP coastal area, as well as to the seagrasses and the dugongs hypothetically 
dwelling in this region.  
2. Estimate the incremental risks posed by mercury emitted from a set of prospective 
hypothetical coal-fired power plants sited in the reclaimed land of the MTP area 
  92
to the same receptors described in the first objective. The coal-fired power plant 
was assumed to have capacity of 1,400 MW and expanded to 2,800 MW, and to 
4,200 MW. 
3. Predict the total future risks posed by mercury and prospective coal-fired mercury 
to the MTP region based on the potential effects to the key species. 
 
A Prospective Coal-Fired Power Plant 
 The study coal-fired power plant is a hypothetical plant. One plant was assumed 
to be composed of two sets of power generation devices and one flue-gas released stack. 
The plant design data used in this study was mostly similar to the 2x700 MW coal-fired 
power plant currently installed in the MTP coastal area. The scenarios of the study were 
set as (1) a plant of 2x700 MW or 1,400 MW, (2) a plant of 4x700 or 2,800 MW, and (3) 
a plant of 6x700 or 4,200 MW.    
 The design data of each power plant and its fuel details are as follows:       
A.   Power Plant:    
 Gross output per plant   2x700 MW    
 Maximum gross output  6x700 MW   (or 3 plants)  
 Number of stack per plant  1  
 Stack height    200 m. 
 Stack diameter   6.8 m. 
 Flue gas exit velocity   22.3 m/s 
 Flue gas temperature   77 °C 
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 Thermal efficiency of a plant  36% - 40% 
 Air pollution control devices  Electrostatic precipitator (ESP) 
      Seawater flue gas desulfurization (FGD)     
B.   Coal: 
 Type:     Bituminous coal 
 Source:    Mines in Indonesia and Australia 
 Heating value:    6,200 – 7,000 kcal/kg 
 Hg content    0.03 – 0.10 mg/kg 
 Consumption rate   4x106 tons/yr/plant (or per 1,400 MW) 
 
The Area of Concern 
 
 The area of concern is located in Thailand, the country in the Southeast Asia, and 
called the Map Ta Phut area (called in this study the MTP area). It lies on latitude ~12° to 
13° N and longitude ~101° to 102° E or at the upper part of the Gulf of Thailand (OEPP, 
1997a). The area of the MTP region is around 165 km2 and there are 25 villages with the 
residents around 40,000 people in this area as well as the estates for industrial complexes 
(OEPP, 1997a). The location of the MTP area is shown in Figure 4.1 and the location of a 
prospective power plant in the MTP Bay is shown in Figure 4.2.  
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Thailand 
Study area 
 Gulf of Thailand 
 
 
Figure 4.1     The positions of Thailand, the Gulf of Thailand, and the study area. 
Source: www.googleearth.com 
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Location of a power plant 
The MTP Industrial Estate 
  
 
Figure 4.2       The positions of the Map Ta Phut Industrial Estate (MTPIE), the reclaimed 
lands, and the location of a hypothetical coal-fired power plant.   
        Source: www.googleearth.com 
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The Atmospheric Environment of the MTP Region 
The climate of Thailand is very strongly influenced by the Asian monsoon or the 
tropical monsoon winds blowing from the northeast during the winter time (from around 
November to late January), and from the southwest for the rest of the year.  Figure 4.3 A 
and 4.3 B show, for instance, the directions of the northeast and the southwest monsoon 
upper winds (at 600 meters above sea level) in winter time (; November) and in summer 
time (; June), respectively. The speed of the near-surface (12 m above ground) northeast 
wind is relatively strong, generally 4 - 6 m/s, whereas the near-surface southwest wind is 
usually weaker, at approximately 2 m/s (OEPP, 1997a; OEPP, 1997b).   
 Above the coastal MTP region, according to the meteorological data recorded by 
the two stations closet to a proposed power plant (the Sattahip station, 16 km to the west, 
and the Rayong station, 22 km to the east), the average speed of the near-surface winds in 
each month (from 1958 -1997 records) varied from 1.3 m/s in winter months to 4.4 m/s in 
rainy months (OEPP, 1997a; 1997b; 1999). These wind speeds are contrary to the general 
regional flow of the country (OEPP, 1979b), which is that the northerly wind is stronger. 
This is because the southerly onshore winds at the MTP are typically strengthened by the 
daytime sea-breezes (OEPP, 1997a; TMD, 2007). 
The average temperature at the MTP varied from 25.7 °C in December to 29.9 °C 
in April; mean 28.1 °C. The highest level of monthly maximum temperature was 38.8 °C 
in April, and  the lowest level of the minimum temperature group ever recorded was 12.8 
°C in December. The temperature inversion occurs only during the early morning hours 
at a height of up to 50 m (OEPP, 1997a; 1997b). More data are shown in Table 4.1. 
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Figure 4.3 Wind directions above Thailand. 
A:  Directions of the northeast monsoon upper winds. 
   B:  Directions of the southwest monsoon upper winds. 
  Source: www.dmt.go.th 
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Table 4.1   The summarized monthly climatological data of the MTP area. 
 
 
Parameter 
 
Unit 
 
Average 
 
Range 
 
Mean pressure 
 
Hectopascal
 
1009.62 
 
1007.15 - 1012.74
Mean temperature  Celsius 28.1 25.7 - 29.9 
Ext. max. temperature Celsius 38.2 34.8 - 38.2 
Ext. min. temperature Celsius 13.8 13.2 - 22.6 
Mean dew point Celsius 23.5 19.4 - 25.4 
Mean relative humidity % 77 70-83 
Ext. max. relative humidity % 89 85-94 
Mean cloudiness 0-10 6.2 3.2 - 8.6 
Mean sunshine duration hr (2364.2/yr) 136.4 - 257.2 
Mean evaporation mm (1757/yr) 140.4 - 252.8 
Mean wind speed  knot - 2.6 - 7.7 
Max wind speed knot - 24 - 50  
Mean rainfall mm (1372.5/yr) 4.9 - 205.7 
Mean rainy days days (110.4/yr) 1.1 - 17.3 
Number of days with haze days (68.3/yr) 0.1 - 15.2 
Number of days with thunderstorm days (49.6/yr) 0.1 - 8.7 
Number of days with hail days (0.1/yr) 0.0 - 0.1 
Number of days with squall days (0.1/yr) 0.0 - 0.1 
 
Note: Data are from the Sattahip station (1968-1997) and the Rayong station (1968-1997) 
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The Aquatic Environment of the MTP Bay 
 The MTP Bay is a part of Rayong Bay, which is a part of the upper part of the 
Gulf of Thailand. The Gulf of Thailand (latitude 5°00′ N to 13°30′ N and longitude 
99°09′ E to 105°00′ E) covers an area of about 320,000 square kilometers (km²) with the 
mean depth around 45 meters (m.) and the maximum depth of about  86 m. The Gulf is 
quite shallow causing a slow exchange of the water bodies as well as a lower salinity of 
seawater (3.05-3.25‰ ) (OEPP, 1997a; 1997b).   
The oceanographic data of the MTP Bay from the studies in June, 1996 showed 
that the average air temperature at the sea surface was 30°C, ranged from 25 to 30.2 °C. 
The average sea water temperature was at the depth of 3.0 m. was 30.3 °C.  It has been 
also reported by Waewta et al. (1988) that the average sea water temperature at the MTP 
Bay was 29.3 +  1.6 °C. The salinity of the MTP Bay waters varied from 30.63 parts per 
thousand (ppt.) to 31.58 ppt., which were lower than the studies by Thongra-ar et al. 
(1988) of 32.8 + 2.4 ppt. The sizeable wave height was about 0.7 m. and with the wave 
periods of about 3-4 seconds (OEPP, 1997b).  
The surface currents in the MTP Bay are also influenced by the southwest and the 
northeast monsoons like the other part of the upper gulf. During the southwest monsoon 
season (about 9 months), the surface current moves clockwise and for the duration of  the 
northeast monsoon season it moves counterclockwise. However, based on the studies by 
Vongvisessomjai et al. (1978, 1980), the predominant currents in this region are the tidal 
currents, which oscillate back and forth with almost zero net drift. The small wind driven 
currents confine to a thin layer at the surface. Table 4.2 shows more parameters. 
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Table 4.2    Some physical parameters of the MTP Bay waters.            
 
Parameter 
 
Unit 
 
Average 
 
Range 
 
Air temperature at surface sea 
 
°C 
 
30.0 
 
25 – 30.2 
Sea water temperature at 3 m. deep °C 30.3 30.1 – 30.5 
Sea water temperature at 6 m. deep °C 30.1 30.1 – 30.1 
Transparency at 3 m. deep m. 1.50 1.5 – 1.5 
Transparency at 6 m. deep m. 1.12 0.75 – 1.5 
pH at surface seawaters  8.5 8.4 - 8.6 
pH at bottom seawaters  8.6 8.5 - 8.7 
Salinity at surface seawaters ppt 30.83 30.63 – 30.98 
Salinity at bottom seawaters ppt 31.25 30.98 – 31.58 
Suspended Solid (SS) at surface mg/L 3 1.3 – 6.0 
Total solid (TS) g/L 38.45 37.00 - 39.01 
Mercury mg/L 0.0064 0.0005 – 0.0343 
Selenium mg/L <0.0005 <0.0005 - <0.0005 
Cadmium mg/L 0.16 0.16 – 0.16 
 
Note:    The data are from the study in June, 1996 by the Environmental Research  
 Institute Chulalongkorn University (OEPP, 1997a). 
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Current Contamination of Mercury in the MTP bay 
 The current contamination of mercury in the MTP Bay has been reported by many 
agencies and institutions in Thailand. The Pollution Control Department (PCD), Thailand 
has worked regularly on this site especially during 1995 - 2003. The samplings were done 
both in the wet season and dry season and the sampling stations covered the spots nearby 
the MTP Industrial Estate and are in the radial distance 10 kilometers from the coal-fired 
power plant proposed in this study.  
Also, the Environmental Research Institute, Chulalongkorn University (ERICU), 
Thailand had specifically studied the background concentrations of mercury in seawaters 
and sediments in the MTP Bay during June to July 1996. The sampling spots of 
sediments were within the radial distance of about 10 kilometers in the east-northeast 
(ENE) to the west-southwest (WSW) directions of the power plant and there were 7 
sampling locations studied by this institute (OEPP, 1997a). 
 Other investigations for this area are such as the study by Kotragod (1991) which 
elucidated the concentrations of total mercury and organic mercury in the water columns 
and the sediments around the MTP Industrial Estate and around the Rayong Bay, the bay 
in which the MTP Bay is situated. This author carried out the investigation for around six 
months (February, 1989 to July 1990), which was in the time of southwest monsoon. The 
Eastern Marine Fisheries Research and Development Center (EMRDC), Thailand has set  
a regular examination of mercury and other heavy metals in the Rayong Bay and the 
MTP as well. The results from this agency were slightly lower than other studies and the 
study by the ERICU (OEPP, 1997a) showed the highest contamination (Table 4.3). 
  102
Table 4.3      Concentrations of total mercury (HgT) in the MTP Bay. 
 
Concentration in saltwater (μg/L) 
 
 
Location 
 
 
Year 
range mean + S.D. 
 
 
Examiner 
MTP *1 1989 - 1990 0.28 – 13.50  EECU 
MTP *2 1996   0.50 – 34.30  ERICU  
MTP *3 1995 - 2003 0.002 – 0.480 0.052 + 0.037 PCD  
MTP *4 1996 - 1999 0.001 – 0.07  EMRDC 
Rayong Bay *5 1994 -1999 0.001 – 0.095 0.027 + 0.042 EMRDC 
   
Concentration in sediments (μg/g dw) 
 
  range mean + S.D.  
MTP *1 1989 - 1990 0.16 - 1.65  EECU  
MTP *2 1996   0.003 - 0.02  ERICU  
MTP *3 1995 - 2001 0.001 - 0.293 0.040 + 0.055 PCD 
Rayong Bay *5 1999 ND - 0.048  EMDEC 
 
Note:  
EECU = Faculty of Environmental Engineering, Chulalongkorn University, Thailand 
EMRDC = Eastern Marine Fisheries Research and Development Center, Thailand 
ERICU = Environmental Research Institute, Chulalongkorn University, Thailand 
PCD = Pollution Control Department, Thailand 
*1:  The location was around the MTP industrial Estate and the study was conducted by 
V. Kotrapod, EECU, 1991. 
*2:  The location was the MTP Bay nearby the MTP industrial Estate and the proposed 
coal-fired power plant (OEPP, 1997a). 
*3:  The location was the MTP Bay close to the MTP industrial Estate but larger than 2* 
(PCD, 2000, 2001; Chongprasith, et al., 2004). 
*4:  The location was the MTP Bay nearby the MTP industrial Estate (PCD, 2000). 
*5: The location was the Rayong Bay, larger than the MTP Bay.  
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Receptors and Endpoints of Concerns 
 Five different kinds of receptors in the MTP region were considered in this study: 
(1) marine phytoplankton, (2) marine juvenile fish, (3) seagrasses, (4) dugongs and (5) 
Thai human populations who consume seafood from the Gulf of Thailand. The marine 
phytoplankton and marine fish of concern are currently inhabited in the MTP Bay nearby 
a hypothetical prospective coal-fired power plant. Seagrasses and dugongs have been 
assumed presented in the MTP Bay in the current time and the future time and their 
characteristics also being assumed similar to those inhabiting in the other parts of the 
Gulf of Thailand. 
Marine Phytoplankton 
 Plankton are fundamental species of aquatic ecosystems (Barns and Mann, 1995; 
Townsend et al., 2003). In this study, marine phytoplankton were emphasized in that they 
are primary producer species of a food chain in oceanic environments (Castro and Huber, 
2000; Townsend et al., 2003).   There are more than 210 species of planktons found in the 
Gulf of Thailand (OEPP, 1997c).  The previous aquatic surveys of the nearshore waters at 
the upper part of the Gulf of Thailand in 1996 and in 1997 discovered around 100 species 
of plankton; 75 phytoplankton species and 25 zooplankton species (OEPP/LCP, 2000). 
Whereas the survey in 1998 at the central section of the coastline of the Gulf of Thailand 
revealed that there were 80 species of plankton found in the central coastal waters; 65 
phytoplankton species and 15 zooplankton species (Chouysurin and Chonchuen, 2004).  
 Phytoplankton found in the MTP Bay nearby the sited area of the study coal-fired 
power plant included (1) the diatoms in genus Bacteriastrum, Biddulphia, Hemiaulus, 
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Chaetoceros, Coscinodiscus, Hemidiscus, Thalassionema, Thalasssiothrix, Guinardia, 
Navicula, Pleurosigma, Bacillaria, Nitzschia, Rhizosolenia, Stephanopyxis, and Laudari,  
(2) the dinoflagellates in genus Dinophysis, Ceratium, and  Protoperidinium, and (3) the 
blue-green algae genus Trichodesmium. The most abundance were diatom Chaetoceros 
with the average density of 21.42 millions cells/m3, whereas the average density for all 
phytoplankton was 22.42 millions cells/m3 (OEPPa, 1997). 
Mercury in the water is taken up to the phytoplankton principally through surface 
absorption (Hannez, 1968; Glooschenko, 1969; NRC, 1978). Both inorganic mercury and 
organomercurials in neutral or uncharged forms can be passively diffused through the cell 
membranes of phytoplankton, according to their lipophilic characters, and accumulated in 
cytoplasm of phytoplankton (Mason et al., 1996; Gutkneckt, 1981). The accumulation of 
mercury in marine phytoplankton depends on pH, salinity and ligand concentration of the 
water—which control mercury complexation or mercury speciation in such water (Mason 
et al., 1996; Lawson and Masom, 1998).  
 Mercury can kill, decrease the growth, and suppress the photosynthetic activity of 
the phytoplankton (Boney et al., 1959; Boney and Corner, 1959; Boney, 1971; Hannan 
and Patouillet, 1972; Knauer and Martin, 1972; Berland et al., 1977; Stratton et al., 
1979). Organomercurials are more toxic to the phytoplankton than the inorganic mercury 
(Boney and Corner, 1959; Matida et al., 1971; Knauer and Martin, 1972) because most of 
organomercury, such as methylmercury, is in the form of permeable neutral complex 
(Mason et al., 1996). Harriss et al. (1970) showed that the phenylmercuric acetate (PMA) 
at 50 μg/L was lethal to both marine and freshwater phytoplankton.  The very low level 
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of PMA at 0.6 μg/L inhibited the growth of phytoplankton (Harriss et al., 1970; Nuzzi, 
1972).  Moreover, as low as 0.1 μg/L of some alkylmercurial fungicides decreased the 
photosynthesis of marine diatom Nitzschia delicatissima (Harriss et al., 1970).   
Marine Fish 
 Marine fish are of concern because of their economic significance to the country.  
Most of marine fish in Thailand are caught from the Gulf of Thailand (~ 70 %) and the 
remainders (~ 30 %) are from the Andaman Sea (DOF, 2006).  There are at least 2,820 
species of fish inhabiting in Thai waters, approximately 10 % of fish species worldwide. 
The marine fish account for 2,100 species and 720 species belong to the freshwater fish 
(ONEP, 2006a). However, the edible species of marine fish recorded by the Department 
of Fisheries of Thailand are categorized into 35 types. The most popular fish type caught 
nearshore by using small gears are the mullets. The top three highest commercial marine 
fish groups caught in the open sea of the Gulf of Thailand and the Andaman Sea by using 
big gears are the sardinellas, anchovies, and mackerels, respectively (DOF, 2005).  
 Marine mullets are planktivorous fish being classified in the second trophic level 
of aquatic food chain.  Eighteen species of mullets in Mugilidae family were reported in 
Thai waters (Monkolprasit et al., 1997).   Mullets serve not only as common seafood for 
local coastal people of Thailand but also as essential food for higher trophic-level aquatic 
biota in Thai marine waters.  Sardinellas are the most catch in the Gulf of Thailand and 
the Andaman Sea; however the rate of catching has been declined gradually. There were 
eight species in Sardinella genus found in Thai waters (Monkolprasit et al., 1997).  The 
second highest catch, with an increased catching rate, is the anchovies (DOF, 2005).  
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 Twelve species of anchovies were discovered in Thai marine waters (Wongratana, 
1980; 1985; Whitehead, Nelson and Wongratana, 1988; Supongpan et al., 2000).  The 
three most abundant anchovy species found in the Gulf of Thailand are Encrasicholina 
heteroloba, E. devisi and E. punctifer, approximately 80 - 90 % of total anchovy catches 
(Chaitiamvong, 1999).  The third highest fish group caught in Thailand is the mackerels. 
The Indo-Pacific mackerels (Rastrelliger neglectus) play the most economically worthy 
to Thailand among all fish catch (DOF, 2005). The other mackerels such as Rastrelliger  
kanakurta, Rastrelliger faunii are also found in Thai marine waters and are economically 
important to Thailand as well (DOF, 2007).   
 Although Thailand are rich in fish biodiversity and used to be the world’s leading 
exporter of fish products between 1993 and 1996 (FAO, 1998), the problem of fish stock 
depletion are of concern for more than two decades. The Department of Fisheries of 
Thailand (2006) has reported that the Indo-Pacific mackerel (Rastrelliger brachysoma) 
stocks in the Gulf of Thailand have been fully exploited, the sardines (Sardinella spp.) 
have been over-exploited, and the anchovy (Stolephorus spp.) as well as the small tuna 
and round scad stocks have also been fully exploited.  There are a number of causes that 
could decrease fish stocks, however, the cause from toxic chemicals contaminated in the 
seawaters to fish populations, especially larval or juvenile fish have never been officially 
studied for the ecological risk to fish decline in Thailand. Thus, in this dissertation, an 
assessment of mercury risks was concentrated on potential risks to the larvae and juvenile 
fish and the lower trophic-level fish.   
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 Fish obtain mercury in the waters through gill uptake and food ingestion (Boetius, 
1960; Hannerz, 1968; Olson et al., 1973; Uthe et al., 1973; Fagerstrom and Asell, 1973; 
Jackson, 1988; 1991). For fish in higher trophic level, the uptake of mercury via their 
contaminated food are the major route of the bioaccumulation, whereas the passive 
uptake of mercury from water is the main method for fish at the lower trophic scales 
(Jernelon, 1972; Futter, 1994; Gorski et al., 2003).  Uptake via skin (Westoo, 1968; Imura 
et al., 1972) and nasal cavity (Baatruo, 1991; Ribeiro, 1995) are also reported. 
 According to numerous previous studies, methylmercury is normally found in fish 
tissues in higher portion than inorganic mercury (e.g., Bache et al., 1971; Kamps et al., 
1972; Westo,1973; Bishop and Neary, 1976; Cappon and Smith, 1981; Bloom, 1992a; 
Wagemann et al., 1997; Windom and Cranmer, 1998; Kehrig et al., 2002; Magalhães et 
al., 2007).  Methylmercury (MeHg) is accumulated in carnivorous fish higher than in 
planktovirous fish. Micropogonias furnieri or the Atlantic croakers (in Brazil, n = 20, the 
carnivorous fish) retained 98 % of MeHg in their tissues, whereas the Mugyl liza, the 
mullets from the same bay (in Brazil, n = 20, the planktovirous fish) held 54 % of MeHg 
in the tissues (Kehrig et al., 2002). The pelagic omnivorous fish accumulates MeHg 
greater than the demersal omnivorous fish do. Rastrelliger kanagurta or Indian mackerel 
(in Bangladesh, n = 34, the pelagic omnivorous fish) contained 77 % of MeHg whereas 
the silver pompret Stromateus cinereus (in Bangladesh, n = 31, the demesal omnivorous 
fish) had 39 % of MeHg in their tissues (Joiris et al., 2000).  Eight species of pelagic fish 
in Azorean waters, Portugal, within trophic level 3 & 4, revealed an average of 88.1 % of 
MeHg in their tissues, ranging from 80.83 % to 91.36 % (Magalhães et al., 2007).   
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 Food-eating nature of the fish, however, is not always a major factor affecting the 
accumulation of MeHg in fish itself. The grass carps, Ctenopharyngodon idella in Czech 
Republic, (n = 7, the herbivorous fish) stored 65 % of MeHg in mussels (Houserová et 
al., 2007) whereas the grass carp in China showed over 90 % of MeHg in its mussle 
tissues (Horvat et al., 2003). There are some other factors that can also affect MeHg 
bioaccumulation in the fish.  In most fish, MeHg increases with the size of the fish (e.g. 
Mackay et al., 1975; Monteiro and Lopes, 1990; Bloom, 1992b; Dietz et al., 1996; 
Gilmour and Riedel, 2000; Stafford and Haines, 2001; Storelli et al., 2001; 2002).  In 
some fish, MeHg increases with the age of the fish (Lathrop et al., 1991; Neumann and 
Ward, 1999; Magalhães et al., 2007).   
 Environmental factors can influence the accumulation of mercury in fish as well.  
In temperate ecosystems, the bioaccumulation of mercury, or MeHg, in fish increases at 
lower pH environment (Bloom et al., 1991; Lathrop et al., 1991; Rask and Metsala, 1991; 
Borzongo et al., 1996; Mason et al., 1996). However, the accumulation of total mercury 
in the Hoplias fish in tropical zone, Brazil, decreased at lower pH of the environments 
(Belger and Forsberg, 2006). Dissolved organic carbon (DOC) promotes methylation and 
bioaccumulation of mercury in both temperate zones (Bodaly et al., 1984) and tropical 
regions (Belger and Forsberg, 2006).  Temperature of the waters can regulate metabolism 
rate of a fish, thus, higher mercury accumulated in fish can be found in summer season 
(Reinert et al., 1974), however, the MeHg concentrations in rainbow trout, Oncorhynchus 
mykiss (planktivorous fish in coastal lakes in Canada) showed similar patterns throughout 
the year (Kainz et al., 2006). 
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 Both forms of mercury—inorganic mercury and methylmercury—are toxic to fish 
health. In laboratory studies, mercuric chloride (HgCl2) caused lethality to many seawater 
fish species such as the Mozambique tilapia Tilapia mossambica [LC50-96 h = 56 µg/L 
(Das, 1980), and LC50-24 h = 660 µg/L (Prakasam, 1989)], the mummichog Fundulus 
heteroclitus [LC50-10 d = 7.4 µg/L at larval stage (Weis and Weis, 1983), and LC100-32 
d = 10 µg/L, at embryo stage (Sharp and Neff, 1980)], the immature goldspot mullet Liza 
parsia (LC100-12 d = 250 µg/L (Pandey, 1994), and the sea bass Lates calcarifer [Lethal 
threshold concentration, LETC-4 d = 112.6 μg/L (Chayarat, 1988); LC50-7d = 46.2 µg/L, 
at larval stage (Thongra-ar et al.,, 2003)].   
 Mercuric chloride (HgCl2) also caused sublethal effects to saltwater fish. Several 
developmental abnormalities were observed in the embryos of the mummichog, Fundulus 
heteroclitus (exposure at 30-40 µg/L for 3 days) (Weis and Weis, 1977). The decreases in 
respiration rates of the adult fish occurred in the striped bass, Morone saxatilis (at 5 µg/L 
for 30 days) (Dawson et al., 1977), and in the winter flounder, Pleuronectes americanus 
(at 10 µg/L for 30 days) (Calabrese et al., 1975). Histological adverse effects were found 
in goldspot mullet, Liza parsia (at 500 µg/L for 2-15 days) (Pandy et al., 1993). 
 Methylmercury showed lethal and sublethal effects in many saltwater fish studies. 
Chloromethylmercury caused mortality in mummichog juveniles, Fundulus heteroclitus, 
(LC50-96 h = 150 µg/L, Khan and Weis, 1987) and mummichog larvae (LT50-7.97 days 
= 50 µg/L, Khan and Weis, 1994), and caused growth reduction in mummichog eggs (at 
20 – 60 µg/L for 4 days, Weis et al., 1981).  Methylmercury chloride caused pathological 
injury in the brain of the Atlantic salmon Salmo salar (Berntssen et al., 2003). 
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Seagrasses 
 Seagrasses are rooted aquatic flowering plants dwelling in shallow coastal waters 
(Cox, 1993; Marbá and Duarte, 1995; Hemminga and Duarte, 2000).   Seagrass beds are 
recognized in stabilizing soft sediments, slowing coastal erosion, being nursery grounds 
for many larvae and juveniles, being habitats of numerous aquatic species, maintaining 
biodiversity via their productive habitats, offering food for dugongs, sea turtles, rabbitfish 
and other estuarine and oceanic biota, providing oxygen to waters and sediments, and in 
many other functions (Costanza et al. 1997; Fonseca et al. 1998; Hemminga and Duarte, 
2000; Duarte, 2002; UNEP, 2004a).  
 There are about 50 species of seagrasses have been found worldwide (Hemminga 
and Duarte, 2000) and 12 of them have been identified in Thai saltwaters (Chansang and 
Poovachiranon, 1994; UNEP, 2005). The seagrasses discovered in Thai marine waters are 
Enhalus acoroides, Thalassia hemprichii, Halophila beccarii, Halophila decipiens, 
Halophila minor, Halophila ovalis, Halodule pinifolia, Halodule uninervis, Cymodocea 
serrulata, Syringodium isoetifolium, Cymodocea rotundata, and Ruppia maritime (den 
Hartog, 1970; Ostenfeld; 1902; Lewmanomont et al., 1991; 1996; Nateekarnjanalarp and 
Sudara, 1992; OEPP, 1998).   The most common species are Halophila ovalis, Enhalus 
acoroides, and Thalassia hemprichii (Chansang and Poovachiranon, 1994).   Except for 
Ruppia maritime, seagrass species found in Thai waters were reported being consumed 
by dugongs (UNEP, 2005).  Adulyanukosol et al. (2001) found eight seagrass species in 
stomaches of dugongs inhabiting in the coastal waters in Trang, the southern province of 
Thailand.    
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 There are 97 seagrass beds found located along both coasts of Thailand, the Gulf 
of Thailand and the Andaman sea, with the total area more than 112.5 km2 (OEPP, 1998).  
Along the coast of Rayong province, the province where the MTP area is located, there 
are four locations of seagrass beds with total area of more than 17.2 km2 (UNEP, 2004b).  
The MTP Bay is far from the nearest seagrass bed around 16 km.  (OEPP, 1997a).  There 
is no seagrass bed found in the MTP Bay nowadays, however, it has been speculated that 
a seagrass bed might subsist in this locale since the dugongs used to dwell in this bay in 
the past over 50 years ago, as the tales of the local people (UNEP, 2005). Hence, the goal 
of this study was to restore the seagrass beds in this coastal area. The ultimate goal was to 
bring back the dugongs into the MTP Bay.  
 Mercury is taken up from water column or sediment to the seagrass via its roots or 
its leaves by a passive process (Lyngby et al., 1984; Ward, 1987; 1989; Macinnis-Ng and 
Ralph, 2002).  Seagrass accumulates the uptake mercury in its blades, sheaths, rhizomes, 
and roots. The proportion of accumulation in these parts of a certain seagrass varies from 
place to place according to the extent of mercury contamination.  Pergent-Martini (1998) 
had studied the temperate seagrass Posidonia oceanica and found that the P. oceanica in 
the high polluted site retained greater portion of mercury in the blades, while in the lower 
mercury contaminated site, this aquatic species showed the higher intensity of mercury in 
the rhizomes. As the biomass of each seagrass species differs corresponding to its natural 
architecture (Hemminga and Duarte, 2000), thus, differences in mercury bioaccumulation 
across seagrass species can occur as well as differences in mercury bioaccumulated in 
each part of each seagrass species.  
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 Mercury can suppress or inhibit photosynthesis of the seagrass by interfering with 
pigment biosynthesis and causing the reduction of Chlorophyll content (Clijsters and van 
Assche, 1985; Prasad and Strzalka, 1999; Macinnis-Ng and Ralph, 2002). Mercury is also 
reported on its effect on nitrogen fixation (acetylene reduction) by the roots and rhizomes 
of the seagrass Zostera marina (Brackup and Capone, 1985).  The inhibition of seagrass 
seed germination by mercury was studied by Bonifacio and Montaño (1998). They used 
seeds of the tropical seagrass Enhalus acoroides and found that the IC25-10 d and IC50-
10 d for inorganic mercury (HgCl2) were 17.27 ± 7.97 mg/L and 39.96 ± 18.42 mg/L in 
seawater (temperature 28 - 31°C, salinity 31-35 ppt, and pH 6 – 8), respectively, whereas 
the average NOEC was 16.02 ± 2.36 mg/L (Bonifacio and Montaño, 1998). 
 Although inorganic and organic forms of mercury are both found in the tissues of 
the seagrass, organic mercury is generally found in a very small portion. The study in the 
Seagrass Zostera marina from the Great Bay Estuary in New Hampshire, USA, revealed 
the average of 6.5 % methylmercury in this marine species (Morrison and Weber, 1997).  
The accumulation of methylmercury (MeHg) in this seagrass corresponds to the MeHg in 
marine sediment. The accumulation of MeHg in estuarine or coastal sediment is generally  
< 0.5 % - 1 % (Mikac et al., 1985; Hamasaki et al., 1995; Gobeil and Cossa, 1993; 
Gagnon et al., 1996; Benoit et al., 1998; Mason and Lawrence, 1999; Heyes et al., 2004; 
Kim et al., 2006). Therefore, the concentrations of inorganic mercury (Hg2+) was used in 
risk assessment of mercury in inhibiting the germination of seagrass seeds. Additionally, 
the bioaccumulation of MeHg in leaves, rhizomes, and roots of seagrasses in Thai waters 
were considered in the assessment of mercury risk to dugongs.   
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Dugongs 
 
 The dugong Dugong dugon (family Dugonidae, order Sirenia ) is a native marine 
mammal and legitimately listed as a critically endangered species of Thailand (ONEP, 
2006b). Dugongs were found commonly along both coasts of Thailand in the past over 50 
years (Lekagul and McNeely, 1977; UNEP, 2002a; 2005). Nowadays dugongs are rarely 
seen along the Gulf of Thailand, except for the eastern part of the coast where around 36 
dugongs were found in 2003 (UNEP, 2005a). Dugongs dwelling along the Andaman Sea 
coast were estimated in 2001 to be approximately 200 animals (Hines et al., 2005). None 
of dugongs are found in the MTP coastal waters. However, it is believed that there were a 
few dugongs used to inhabit in this area in the past, according to the locations that named 
after the ‘dugong’ together with the tales from the local folks (UNEP, 2005a).  
  Dugong is a herbivorous mammal and feeds mostly on seagrasses (Heinsohn and 
Birch, 1972; Heinsohn et al., 1977; Marsh et al., 1982). Studies in Australia (Marsh et al., 
1982; Preen, 1993) showed that the Halophila and Halodule seagrasses are the preference 
diets for dugongs.  Studies in Thailand also found that the seagrass Halophila ovalis was 
the most often found species in the stomachs of six dugong carcasses (Adulyanukosol et 
al., 2001) and a dugong grazed 90 % of the above-ground parts (blades and sheaths) and 
60 % of the below-ground parts (rhizomes and roots) of the H. ovalis (Mukai et al. 2000). 
H. ovalis was found, in 1994 from 10 stations, covering 17 % of the total area of seagrass 
beds along the Andaman Sea coast of Thailand with the mean biomass of 25.08 g d.w., 
dry weight,/m2 and the biomass ratio of leave: rhizome: root was 3:2:1, or 55.5 % above-
ground and 45.5 % below-ground biomass (Chansang and Poovachiranon, 1994). 
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 However, Nakaoka et al. (2002) claimed that there was a significant difference in 
the total biomass of the H. ovalis in Thai waters between in the intact grass beds and the 
beds that dugongs were grazing. They found from 3 sites that the biomass of the H. ovalis 
was higher in the intact beds than in the dugong trails in every site (Nakaoka et al., 2002) 
or it can be estimated from their data that the average biomass of H. ovalis in the dugong 
trails was approximately 20% of the biomass of the H. ovalis in the intact grass beds. The  
biomass of H. ovalis from the 3 sites were 43.27, 98.19, and 84.34 g d.w./m2 in the intact 
beds and 1.48, 16.17, and 30.47 g d.w./m2 in the dugong trails (Nakaoka et al., 2002). So, 
the average biomass of H. ovalis can roughly be 45 g d.w./m2 in 2002 and this was higher 
than it was in 1994. Other species in Halophila genus that are discovered in Thai waters 
are H. beccarii, H. decipiens, and H. minor, but none of them were found in the stomachs 
of 6 dead dugongs found in Thailand during 1997–1999 (Adulyanukosol et al., 2001). 
 From the studies in Thailand and worldwide, 11 of 12 of seagrass species existing 
in Thai waters can be consumed by dugongs (Lewmanomont et al., 1996; Hemmingnga 
and Duarte, 2000), however, the most three favorite seagrasses for dugongs are Halophila 
ovalis, Cymodocea rotundata, and C. serrulata (UNEP, 2005a). C. rotundata inhabiting 
along the Andaman Sea coast of Thailand showed total biomass of 94.2 g d.w./m2 (ratio 
of leaves: rhizomes: roots biomass was 3:2:1, or 47 % above-ground biomass and 53 % 
below-ground biomass). Enhalus acoroides was the most abundant species and different 
from other seagrass species in that it had a highest rhizome biomass. The ratio of biomass 
of leaves: rhizomes: roots of Enhalus acoroides was 4:9:1, or 29% above-ground biomass 
and 72% below-ground biomass (Chansang and Poovachiranon, 1994).  
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 Therefore, from the discoveries of percentages of the seagrass parts consumed by 
the dugong and the ratio of seagrass components, of H. ovalis, as reviewed above, it can 
be concluded at this point that dugongs like to graze leaves and rhizomes of the seagrass 
only, since the percentage of the below-ground parts taken by the dugong are relatively 
corresponded to the percentage of the rhizomes (i.e., the dugong ate 60 % of the below-
ground part of the H. ovalis; H. ovalis held the below-ground part 44 % (rhizomes 28 % 
plus roots 16 %) of the total biomass; thus, the below-ground part eaten by dugong must 
be 26.4 %, which is closed to the percentage of rhizomes in the H. ovalis, 28%).  Marsh 
et al. (1982) also revealed that the rhizomes of seagrasses Halodule and Halophila were 
found in all stomachs of the studied dugongs.  
 Dugongs consume seagrasses with the rate range 8 % - 10 % of their body weight 
and in adult dugong, the seagrass consumption rate is generally cited as 30 kg w.w./ day 
(UNEP, 2005a); nevertheless, a range of 28 - 40 kg w.w. /day has been mentioned (Preen, 
1993; Aragones, 1996; Chilvers et al., 2004). It was found in the dugong calf, unspecified 
age, nurtured in the research institution in Thailand that it consumed seagrass 6.7 kg/ day 
(Adulyanukosol et al., 2001).  The body weight of the mature dugong is generally 300 kg, 
ranging from 280 to 380 kg (UNEP, 2005). Some authors mentioned the body weight of 
the adult dugongs, in the range of all sirenians, 250 to 700 kg (Spain and Heinsohn, 1975; 
Jefferson et al., 1993).  The birth weight of the dugong is generally 20 - 30 kg (Nishiwaki 
and Marsh, 1985; UNEP, 2005a). Dugongs can live for around 70 years (UNEP, 2005a) 
or more than 70 years (Haynes et al., 1999; Morton, 2001). The average lifespan of the 
dugong of up to 73 is also mentioned (Marsh et al., 2001; Kumar et al. (2003).     
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 Dugongs can be exposed to mercury via seagrass consumption. The accumulation 
of mercury in dugongs is not as high as in the omnivorous or carnivorous species, which 
exist in high trophic level of a food chain. Mercury accumulated in the seagrass is mostly 
in inorganic form, Hg2+. The seagrass Zostera marina from the Great Bay Estuary, New 
Hampshire, showed the mean concentration of 39.7 ng/g dry weight, d.w., for Hg2+ and 
2.78 ng/g d.w. for MeHg, or 93.5 % for Hg2+ and 6.5 % for MeHg of total mercury 
(Morrison and Weber, 1997). The bioaccumulation of mercury in tissues of the dugongs 
have been reported in Australia since 1980. The accumulated mercury in liver tissues of 
the Australian dugongs from the Northern Australia was 0.24 mg/kg d.w. (Denton et al., 
1980; Denton and Breck, 1981); from the McArthur River was < 0.02 – 0.03 mg/kg d.w. 
(Parry and Munksgaard, 1992; 1993); from the Torres Strait were 0.1–0.19 mg/kg d.w. 
(Dight and Gladstone, 1993; Gladstone, 1996) and < 0.005 – 0.22 mg/kg d.w. (Haynes 
and Kwan, 2001; and from the Queensland Coast was 0.05 – 1.11 (mean 0.3 + 0.29) 
mg/kg wet weight, w.w., in the mature dugongs and 0.04 – 0.28 (mean 0.09 + 0.06) 
mg/kg w.w. in the immature dugongs (Haynes et al., 2005).   
 To date, the fraction of MeHg in tissues of the dugongs has not yet documented. 
Nonetheless, based on the similarity in ecological characteristics of the dugongs to that of 
the green turtles, i.e., both of them are seagrasses-eating herbivores (Hemmingnga and 
Duarte, 2000; Castro and Huber, 2000), the fraction of MeHg in total mercury (HgT) in 
dugongs should be comparable to that of in the green turtles. The green turtles Chelonia 
mydas inhabiting along the coast of Mexico contained 18% - 22% MeHg of HgT in their 
muscle (i.e., the fraction of MeHg in HgT in the muscle is 0.18 to 0.22) and 9% - 19%  
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MeHg of the HgT in their liver tissues (Kampalath et al., 2006). When compared to 
marine carnivores, the dugongs accumulate MeHg relatively small in their tissues. The 
hammerhead sharks (Sphyrna zygaena) in Ionian Sea, Italy, possessed 86.8% MeHg of 
the HgT in their muscles, and 66.2% MeHg in liver tissues (Storelli et al., 2003). The 
blue sharks (Prionace glauca) in the Atlantic Ocean near the Azores Islands (latitude 36° 
- 38° N and longitude 21°- 28° W) retained 84% and 56% MeHg in their muscle and liver 
tissues, respectively, whereas the blue sharks at the equator of this ocean (latitude 1° S - 
5° N and longitude 21°- 25° W) showed 96 % and 43 %  MeHg in their muscle and liver 
tissues, respectively (Branco et al., 2007).   
 For omnivorous and carnivorous marine mammals, the built up of MeHg in their 
liver tissues are also relatively small. The harbor porpoises and the short-finned whales 
held MeHg 2 % - 41% of the HgT in their liver tissues. The harbor seals, the ringed seals, 
the harp seal and the bearded seals showed the fraction of 4% - 14.3% MeHg in HgT 
(Wren et al., 1995). A study in 45 ringed seals (Phoca hispida) from the coasts of Canada 
revealed that the HgT accumulated in the liver tissues (an arithmetic mean of 31.3 µg 
HgT/g) was composed of MeHg 2.5%, other organic mercury 8.1%, inorganic mercury 
39.6%, and HgSe 53% (Wagemann et al., 2000). Furthermore, in the liver tissues of 
stripped dolphins, there were 4.46 % MeHg of HgT (Cardellicchio et al., 2000).   
 To date, the toxicological effects caused by mercury to dugongs have never been 
published. However, the real-world cases and laboratory studies on MeHg intoxication in 
mammalian wildlife such as mink and otters showed clinical signs of neurotoxicological 
effects and deaths. A tested mink fed with 1.8 µg MeHg/g body weight died within about 
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70 days after suffering anorexia, weight loss, splaying of hind legs, irregular vocalization, 
salivation and convulsions (Wobeser et al., 1976). A wild mink found sick with abnormal 
behavior and died in 2 days held MeHg 58.2 µg/g in her liver, 31.9 µg/g in kidney, 15.2 
µg/g in muscle, and 13.4 µg/g in brain (Wobeser and Swift, 1976).  The tested river otters 
died after having various dosages of MeHg. The dead otters showed MeHg in the tissues 
in average: 33 µg/g in livers, 39 µg/g in kidneys, 16 µg/g in muscles, and 18 µg/g in 
brains (O’Connor and Nilson, 1981). A wild dead otter found in Clay Lake, Canada was 
studied for total mercury and found 96 µg/g in its liver, 36 µg/g in muscle, and 30 µg/g in 
brain (Wren, 1985). Current studies have confirmed neurotoxicity from mercury exposure 
in otter and in mink (Basu et al., 2005a; 2005b; 2006).  
 However, in seals exposed to a high level of MeHg, neurotoxicological effects are 
not the grounds for their deaths. Two laboratory harp seals (Pagophilus groenlandicus) fed 
with MeHg 25 µg/g/d returned 42.9 and 23.8 µg HgT/g in their brain tissues the day they 
died and found no lesions in the central nervous systems. They died from toxic hepatitis 
and renal failure, according to hematological and blood chemistry of their postmortems. 
Also, mercury found in the tissues of each seal were 134 and 142 µg HgT/g liver; 48.3 
and 62.5 µg HgT/g kidney; 127 and 125 µg MeHg/g liver; and 11.7 and 20.5 µg MeHg/g 
kidney (Ronald et al., 1977). Therefore, it was assumed in this study that the dugong can 
suffer from the neurotoxicity of MeHg as the experience in minks or otters and can suffer 
from the toxicity of inorganic mercury to its liver or kidney as occurred in seals.  
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Thai Humans 
 
 Thai humans are considered in this study because of their high consumption rates 
of seafood, presumed from the high rates of marine fisheries in the Gulf of Thailand. A 
Survey carried out by the Pollution Control Department of Thailand revealed that the 
average rate of marine fish consumption within the coastal population was around 22 kg 
fish/person/year or about 60 g fish/person/day (PCD, 2005). However, the study by this 
agency was focused only on fish, whereas other kinds of seafood such as shrimps, crabs 
and mollusks, which are also preferred by Thai people, have been ignored. Accordingly, 
the consumption rates of all the edible fish and shellfish, i.e., seafood, in Thai populations 
were estimated in this study. The estimation was based on the 10-year data of the national 
records of marine fisheries together with the body weights of Thai individuals in each age 
group as described in human health risk assessment section of this chapter. Importantly, 
people in the MTP study area were assumed eating seafood with the same rate as people 
in other area of Thailand.  
  Populations in Thailand in the last 10 years (1996-2005) were composed of males 
50 % and females 50 % with the total numbers of about 60.99 millions in 2005 (DOPA, 
2006). The growth rate was 457,178 persons/year. An annual amount of the entire (males 
& females) population is shown in Figure 4.4.  The distributions of populations based on 
age are shown in Figure 4.5. The highest numbers are in the 28 years old group for males 
and in the 32 years old group for females. The average lifespan of Thai individual is 70 
years old, 69 years in males and 71 in females (DOPA, 2006). 
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 Figure 4.4       The total population (males and females) of Thailand. 
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 Figure 4.5       The populations of each age in Thailand. 
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 An average body weight of Thai adult is around 60 kg.  From the previous study, 
an average body weight of Thai male adults was 58.7 + 7.7 kg (n =181), and was 56.7 + 
10.4 kg in Thai female adults (n = 255) (Pongchaiyakul et al., 2005).  Nevertheless, the 
distributions of the body weights of Thai populations were studied yet again in this study 
based on their age groups. The age-based distributions of the body weights were used in 
the estimation of seafood consumption rates (CRs) of Thai populations.  
 Regardless of the body weight of each person, the consumption rate of seafood of 
each Thai individual can be estimated approximately from the total consumption amount 
of seafood each year and the total numbers of individuals over the country each year. The 
consumption rate of seafood of Thai people in the past 10 years (1993-2002) estimated in 
this study was 34.72 kg/person/year or 95.12 g/person/day (the seafood includes fish 
71%, shrimps 8%, crabs 2%, squids 6%, mollusks 11%, and jellyfish 0.85%) (Appendix 
D). The distributions of consumption rates are shown in Figure 4.6. 
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Figure 4.6        Seafood consumption rates in Thai population (1993 – 2002). 
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Concept and Conceptual Framework 
Concept of ‘Being at Risk’ 
 Because the toxicological effects of concern which, are caused by the exposure to 
mercury, are the non-cancer effects; accordingly, in this study, the hazard quotient (H.Q.) 
was employed to determine the status of mercury risk to each biological receptor. Hazard 
quotient (H.Q.) is a quantitative measure comparing between an estimated exposure level 
to a toxic chemical with a critical level of such chemical, i.e., a toxicologically safe level, 
which is derived from a comparable exposure period (U.S. EPA, 1989; WHO, 1999).  In 
general the hazard quotient less than one (H.Q. < 1.0) suggests risk is in acceptable level 
whereas the hazard quotient larger than one (H.Q. > 1.0) indicates unacceptable risk (U.S. 
EPA, 1989, 2001; WHO, 1999; U.S. Navy, 2001).   In this study, the H.Q. larger than or 
equal to one (H.Q. > 1.0) indicated the unacceptable risk or the exposed receptors were at 
risk and the H.Q. smaller than one (H.Q. < 1.0) informed that risk is acceptable.    
       The models used for the assessment of mercury risks in this study are as follows.   
      Risk Model 
H.Q.   =     ED / SfD  
or,    H.Q.   =     EC / SfC  
 
where,   ED  =  exposure dose of methylmercury (mg/kg/day)    
  EC  =  exposure concentration of total mercury (μg/L) 
  SfD =  toxicologically safe dose for methylmercury (mg/kg/day)   
  SfC =  toxicologically safe concentration for total mercury (μg/L) 
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Conceptual Framework  
 
 The conceptual framework used in this assessment (Figure 4.7) was developed in 
accordance with the framework shown in Figure 2.13. The current risk assessment started 
with the exposure assessment process according to the available data of concentrations of 
mercury in the study area, which were monitored for more than ten years by the agencies 
in Thailand. The assessment of prospective risks started from the release assessment. 
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 Figure 4.7       Conceptual framework of prospective risk assessment for the MTP area.  
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Prospective Release of Coal-Fired Mercury 
Introduction 
Burning coal leads to the emissions of gaseous elemental mercury (Hg0), gaseous 
oxidized mercury (Hg2+), and particulate mercury (HgP) (Galbreath and Zygarlicke, 1996; 
2000). The magnitudes of the concentrations of Hg0, Hg2+, and HgP in coal-burned flue 
gases depend primarily on the combustion conditions, and the amounts and types of coal 
and coal constituents, chiefly mercury (Hg), chlorine (Cl) and sulfur (S) (Laudal et al., 
1996; Galbreath and Zygarlicke, 2000; Krishnakumar and Helble, 2007).  A typical coal-
fired power plant generally configures a set of air pollution control equipments for the 
treatment of particulate matter (PM), sulfur dioxide (SO2), and oxides of nitrogen (NOx) 
contaminated in the flue gases (U.S. DOE, 1984; 1995; 1996a; de Nevers, 2000). These 
equipments especially the electrostatic precipitator (ESP) and the flue gas desulfurization 
(FGD), devices for the removals of PM and SO2 , respectively, can also capture mercury 
in the flue gases to some extent (U.S. EPA 1999; Chu et al., 2000; EPRI, 2000; SAIC, 
2003; Quick et al., 2005). The efficiency of mercury capture varies from type to type of 
the device (U.S EPA, 2002b; Roberson, 2002; SAIC, 2003). The objective of this section 
was to estimate the release rates of mercury speciation at the stack tip of a proposed coal-
fired power plant. The power plant was assumed to be equipped with the ESP and the wet 
FGD. 
Methodology 
1.) Scope of the assessment. The release assessment was restricted to the estimate 
of emission rates of Hg0, Hg2+, and HgP from three scenarios of power plant operations: 
  125
(i) 1,400 MW at the beginning, (ii) expanded to 2,800 MW in the second phase, and (iii) 
increased to the maximum capacity of 4,200 MW latterly. The ESP and the FGD installed 
were assumed to be the cold-side ESP and the seawater FGD, respectively.  
2.) Model and parameters. Model for the assessment was developed based on the 
mass balance concept.  Factors affecting quantity and quality of Hgi emissions considered 
in this study included coal compositions and properties, characteristics of a power plant 
and its treatment systems, and the demand of electricity by end users. The superscript ‘i’ 
here stands for 0, 2+, P, or T, i.e., Hg0, Hg2+, HgP, or HgT, respectively.  The main model 
(Equation 4.1) and sub models (Equation 4.2 to 4.4) together with the model suggested 
by SAIC (Science Applications International Corporation) (SAIC, 2003) to the United 
States Department of Energy (U.S. DOE) (Equation 4.5) were used to obtain the source 
term of each emission scenario.  A simple configuration of the assessed power plant was 
also presented (Figure 4.8).   
 
Model:  Si  =   a * b * c * d * e * fi                   (4.1) 
    
b   =   b1 / (b2 * b3)        (4.2) 
 
b1  =  (fb * Eb) + (fp* Ep)       (4.3) 
 
c    =  1 – R        (4.4) 
 
            R   =  1- exp[-0.2559- (2.3343x10-5 (100*Clppm, dry/Sulfurwt %, dry))]  (4.5) 
 
Parameter:   
• Si is the source term or emission rate of Hg species i and has a unit of mg/s.    
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• The ‘a’ represents the concentrations of mercury in coal and usually expressed in ppm 
or mg/kgcoal. Coals from Indonesian and Australian mines have been reported 
containing Hg of 0.03 ppm to 0.10 ppm (OEPP, 1998a).The proposed power plant in 
this study was assumed using coals from these mines. When applying Monte Carlo 
resampling method, i.e., 10,000 trails with lognormal distribution, the new average of 
Hg in coal turned to be 0.0649 + 0.02 ppm, and this figure was used in the ‘average 
Hg in coal’ scenarios.  
• The parameter ‘b’ is for the rate of burning coals of a power plant. Such rate relies on 
the gross electricity generated (b1), the thermal efficiency of the power plant (b2), and 
the heating value of coal (b3) (U.S. DOE, 1984; de Nevers, 2000). Equation 4.2 shows 
their correlation. The heating values of coals from Indonesia and Australia are 6,200 
to 7,150 kcal/kgcoal, however, the upper value was extended to 7,200 kcal/kgcoal for 
this study. By using Monte Carlo resampling technique, the mean heating value 
appeared 6,701.13 + 288.39 kcal/kgcoal or 27,603.78 + 968.02  kJ/kgcoal. Thermal 
efficiency of a power plant is assumed to be around 36% to 40%, like other typical 
coal-fired power plants (U.S. DOE, 1984). The electricity totally generated was 
calculated from the assumption that there was three hours of a peak load each day. 
The peak load run was assumed at 730 MW per unit of operation, while the base load 
run was 717 MW per unit. Thus, the fraction of running at peak load ‘fb’ for this 
assessment was 3/24 or 0.125 and the fraction of running at base load was 21/24 or 
0.875. The parameter ‘Eb’ and ‘Ep’ are for the electricity generated, in MW, at base 
load and peak load, respectively.  
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• The variable ‘c’ stands for the fraction of gaseous HgT in flue gas that is not removed 
by the control devices and is going to leave the stack to the ambient air. In other 
words, it is the fraction of HgT that is left after the removal processes (Equation 4.4). 
The removal efficiency (R) of HgT of a set of cold-side ESP and wet FGD has been 
proposed in SAIC (2003) model 3 (Equation 4.5), in Roberson (2002) model (R = 
0.1157 Ln (Cl ppm, dry) – 0.1438), and in SAIC (2003) model 1 (R = 1 – exp (1.8529 – 
0.27149 Ln (lbs Cl per 1012 Btu) (Quick et al., 2005). This study employed the SAIC 
(2003) model 3 (Equation 4.5) which the amounts of chlorine (Cl) and sulfur (S) in 
coals have been considered affecting the capacity of capturing the gaseous mercury.  
• The parameter ‘d’ is a conversion factor for transforming MW to kJ/s. Based on that 1 
watt equals 1.000 Joule/second (Bishop, 2000), then 106 watts (or 1 megawatt) is 
equal to 106 J/s or 103 kJ/s or 1000 kJ/s. So, d = 1000 kJ/s-MW.  
• The ‘e’ factor is the annual average plant load factor or the annual operational time of 
a power plant. The power plant of this study was assumed to operate 7,500 hours per 
year per operation unit, therefore, its ‘e’ was 7,500/8760 or ~ 85.6%.   
• The ‘fi’ is for the fraction of Hg species i in the gaseous HgT leaving the stack top of a 
power plant.   The ‘f0’ represents the fraction of Hg0 in the emitted HgT, while ‘f2+’ is 
for the fraction of Hg2+, and ‘fP’ is for the fraction of particulate mercury (HgP) in 
such HgT. The fraction of HgT (fT) is always equal to 1.  In this study, the fractions of 
Hg0, Hg2+, and HgP in the emitted flue gases were considered as 0.85, 0.14997, and 
0.00003 of the gaseous HgT, respectively, as experienced in a coal-fired power plant 
equipped with ESP and FGD and used bituminous coal in Korea (Lee et al, 2004).    
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3.) Model simulation.  Five models above (Equation 4.1 - 4.5) were merged as one 
in STELLA® (isee systems, Inc.) graphic model version 8.1.1 (Figure 4.9).  The 
emission rates of Hg0, Hg2+, and HgP for each scenario of plant operation were assessed 
using this software. The parameters input to the model were presented in Table 4.4.  
Equations for a STELLA® model are in Appendix E1. 
 
 
 
 
Figure 4.8    Conceptual configuration relating to the release of coal-fired mercury. 
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Figure 4.9   STELLA® graphic model for Hg speciation release assessment. 
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 Table 4.4   Release assessment input.  
 
Parameter 
 
 
unit 
 
Value  
 
Hg concentration in coal  
 
a 
 
mg/kgcoal 
 
0.03 - 0.10 
(0.0649 + 0.0002) 
 
Thermal efficiency  
 
b2 
 
% 
 
36 - 40 
 
Heating value of coal  
 
b3 
 
kJ/kgcoal 
 
25,940.8 - 29,288.0 
(27,603.78 + 968.02) 
 
Conversion factor 
 
d 
 
kJ/s-MW 
 
1,000 
 
Annual load factor 
 
e 
 
- 
 
0.856 
 
Fraction of Hg0 in HgT 
 
f0 
 
- 
 
0.85 
 
Fraction of Hg+2 in HgT 
 
f2+
 
- 
 
0.14997 
 
Fraction of HgP in HgT 
 
fP 
 
- 
 
0.00003  
 
Fraction of base load run  
 
fb 
 
- 
 
0.875 
 
Fraction of peak load run  
 
fp 
 
- 
 
0.125 
 
Chlorine concentration in coal  
 
Cl 
 
ppm, or 
mg/kgcoal 
 
100 – 500 
(299.26 + 115.26) 
 
Sulfur concentration in coal  
 
- 
 
wt % 
 
0.27 - 0.85 
(0.559 + 167) 
 
Maximal load per operation unit 
 
- 
 
MW 
 
730 
 
Regular load per operation unit 
 
- 
 
MW 
 
717 
 
 
  131
Results and Discussion 
Based on the speculation that the fraction of gaseous Hg0, Hg2+, and HgP in the 
emitted HgT was 0.85, 0.14997, and 0.00003, respectively, the estimated emission rate of 
Hg2+ was 0.2406 mg/s, or 20.79 g/d, or 7.59 kg/y for the electricity generation of about 
1,400 MW and could be 0.7219 mg/s, or 62.37 g/d, or 22.77 kg/y when the operation is to 
the top capacity of around 4,200 MW. These two results were assessed in case that coals  
contain mercury at mean level, or 0.0649 mg/ kgcoal. Other scenarios were also estimated 
and various outcomes were obtained (Table 4.5). In addition, the release mass rate for the 
emitted HgT, i.e., the mass of gaseous HgT in the flue gas per mass of the coal burned, 
was 0.0144 mg/kg coal burned when coal contains mercury 0.0649 ppm and was 0.0222 
mg/kgcoal when mercury in coal is 0.1 ppm. These two rates are lower than the emission 
factor for mercury released from a controlled power plant suggested in the FIRE data 
system (U.S. EPA, 2000), which is  8.3x10-5 lb/ton coal burned or 0.0377 mg/kg coal 
burned. The release of mercury species per coal burned are shown in Table 4.6.   
Conclusion 
The release rates of mercury speciation (Hg0, Hg2+, and HgP) from a hypothetical 
coal-fired power plant of three generation capacities (1,400, 2,800, and 4,200 megawatts)   
were calculated based on mass balance assumption and process knowledge of the power 
plant responsible for the emissions of mercury.  Mercury concentrations in coals used in 
the evaluation were the mean (0.0649 ppm) and the high (0.10 ppm) values, averaged by 
using bituminous coals mined in Pinang province of Indonesia and Queensland and New 
South Wales of Australia. Chlorine and sulfur contents in coals were also considered in  
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Table 4.5  The estimated emissions of mercury speciation (per time). 
 
Emission 
 
SHg0 
 
SHg2+ 
 
SHgP 
 
SHgT 
 
Electricity 
generation 
 
(MW) 
 
Rate  
of coal 
burned 
(kgcoal/s) 
 
Hg  
in coal 
 
(ppm) (mg/s) (mg/s) (mg/s) (mg/s) 
 
0.0649 
 
1.3639 
 
0.2406 
 
4.82E-05 
 
1.6045  
~1,400 
 
111.4  
0.1 
 
2.1020 
 
0.3706 
 
7.42E-05 
 
2.4727 
 
0.0649 
 
2.7278 
 
0.4813 
 
9.60E-05 
 
3.2092  
~2,800 
 
222.8  
0.1 
 
4.2030 
 
0.7416 
 
1.48E-04 
 
4.9447 
 
0.0649 
 
4.0917 
 
0.7219 
 
1.44E-04 
 
4.8137  
~4,200 
 
334.3  
0.1 
 
6.3050 
 
1.1124 
 
2.23E-04 
 
7.4176 
 
 
Table 4.6   The estimated emissions of mercury speciation (per coal burned). 
 
Emission   
 
SHg0 
 
SHg2+ 
 
SHgP 
 
SHgT 
 
Electricity 
generation 
 
(MW) 
 
Rate  
of coal 
burned 
(kg/s) 
 
Hg   
in coal 
 
(mg/kg 
coal) 
(mg/kg coal 
burned) 
(mg/kg coal 
burned) 
(mg/kg coal 
burned) 
(mg/kg coal 
burned)  
 
0.0649 
 
0.0122 
 
 
0.0022 
 
4.33E-07 
 
0.0144  
~1,400 
 
111.4  
0.1 
 
0.0189 
 
 
0.0033 
 
 
6.66E-07 
 
 
0.0222 
 
 
0.0649 
 
0.0122 
 
 
0.0022 
 
 
4.31E-07 
 
 
0.0144 
 
 
~2,800 
 
222.8  
0.1 
 
0.0189 
 
 
0.0033 
 
 
6.64E-07 
 
 
0.0222 
 
 
0.0649 
 
0.0122 
 
 
0.0022 
 
 
4.31E-07 
 
 
0.0144 
 
 
~4,200 
 
334.3  
0.1 
 
0.0189 
 
 
0.0033 
 
 
6.67E-07 
 
 
0.0222 
 
 
Emission factor (FIRE 6.22, U.S.EPA, 2002) 
 
0.0377 
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the emitted flue gases used in this study was 85%: 14.997%: 0.003% for Hg0, Hg2+, and 
HgP, respectively, while other scenarios of fraction can be further studied. The maximum 
emission of Hg2+ that could be released from a largest plant, i.e., a 4,200 MW plant, was 
1.1124 mg/s, or 96.11 g/d, or 35.08 kg/y. However, different alternatives of air pollution  
control (ESP and FGD) efficiencies can be selected and would turn out of different rates 
of mercury emissions as well.  
 
Prospective Mercury in the MTP Atmosphere 
Introduction 
Once emitted from the stack, the coal-fired gaseous mercury speciation undergo 
fate and transport processes in the atmosphere. Divalent mercury (Hg2+) particulates and 
gases are locally deposited onto the surface of the surrounding, whilst the elemental Hg0 
vapors travel long range and get oxidized, mainly by ozone, around one to two years after 
the releasing (U.S. EPA, 1997).  Nevertheless, recent studies demonstrated that hydroxyl 
radical and also halide atom can react with gas phase Hg0 as well (Sommar et al., 2001; 
Ariya et al., 2002 ; UNEP, 2002) and the residence time of the atmospheric Hg0 has been 
proposed as a few months instead of a year (UNEP, 2002).  As a result, the rate constant 
of oxidation of Hg0 in the atmosphere should be larger than the previous one.  Likewise, 
the concentrations of oxidized Hg2+ responsible for the atmospheric deposition ought to 
be greater in numbers too.  The overall objective of this assessment section was to predict 
the deposition of dispersed coal-fired Hg2+ onto the MTP coastal waters. The study began 
with the approximations of concentrations of such Hg2+ together with Hg0 in the MTP air 
and subsequently the atmospheric deposition of Hg2+.  
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Methodology 
1.) Scope of the assessment. The prediction of atmospheric concentrations of Hg2+ 
and Hg0 was limited to the condition that coals contain Hg at mean concentration level, 
i.e., 0.0649 mg/kgcoal; in other words, under the Hg2+ emissions of  0.2406, 0.4813, and 
0.7219 mg/s resulting from 1,400 MW, 2,800 MW, and 4,200 MW electrical generations, 
respectively. Concentrations of Hg2+ and Hg0 were assessed in long-term mode within 10 
kilometers from the power plant. And the approximations were run based on the in situ 
meteorological data averaged from 30 years with wind observations in 1991 to 1995. The 
concentrations assessed were the pre-deposited concentrations.  
2.) Models and parameters. Model for the assessment of annual concentrations of 
mercury speciation around the power plant (Equation 4.6) is based on the sector-averaged 
Gaussian plume model (Equation 4.7 or Equation 4.8 when the Gaussian concentration is 
substituted with parameters involving emission and meteorological conditions). (Fjeld et 
al, 2007; Overcamp, 2007; U.S. EPA, 1995). For this study, the sector-averaged Gaussian 
plume model was derived from 12 wind sectors, according to directions of wind observed 
in the study area, and the derived model was given in Equation 4.9 or Equation 4.10.  For 
the deposition of Hg2+, the deposition flux was calculated using the model concerning for 
both wet deposition and dry deposition (Equation 4.16) (Fjeld and Compton, 1997; Fjeld 
et al., 2007). Models and parameters used are presented as follows. 
Concentration Models: 
             n 
CA(x,0,0)     =    Σ  CSA   *(1/n)            (4.6) 
           k=1    
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                q       p  
  CSA(x,0,0,k)   =   Σ    Σ  ( fi,j,k * CGP(x,0,0))        (4.7) 
                        j=1   i= 1   
               q       p  
         =   Σ    Σ  (2/¶)-1/2   fi,j,k  S         exp (-he2/2σz,j2)     (4.8) 
                        j=1   i= 1              (2¶x/n) ui,jσz,j   
                            F       u5  
  CSA(x,0,0,k)   =   Σ    Σ   (2/¶)-1/2  fi,j,k  S         exp (-he2/2σz,j2)     (4.9) 
                         j=A   i= u1            (¶x/6) ui,jσz,j  
                                                  F       u5  
         = 1.52 S   Σ    Σ      fi,j,k    exp (-he2/2σz,j2)    (4.10) 
                x       j=A   i= u1   ui,jσz,j  
 
• CA(x,0,0) stands for the annual concentration of mercury speciation at the distance x 
around the release stack which is measured along the centerline of the plume (y=0) 
and at ground level (z=0)  (ng/m3). 
• CSA(x,0,0,k)  represents the annual sector-averaged concentration of mercury speciation 
at the distance ‘x’ toward the direction ‘k’ to the release stack and is measured at the 
centerline of the plume (y=0) and at ground level (z=0)  (ng/m3).  
• CGP(x,0,0)) is the contaminant concentration based on the Gaussian plume evaluation. 
• The ‘n’ symbolizes the number of wind sectors used in the approximation (n = 12 
sectors for this study, i.e., N or 0°, NNE or 30°, ENE or 60°, E or 90°, ESE or 120°, 
SSE or 150°, S or 180°, SSW or 210°, WSW or 240°, W or 270°, WNW or 300°, and 
NWN or 330° from North) 
• fi,j,k stands for the fraction of times that the observed winds with speed ‘i’ under the 
atmospheric stability class ‘j’ blow into the sector ‘k.’      
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        fi,j,k     =   (no. of observations in k sector)/ (total no. of observations)     (4.11) 
• ‘S’  represents the emission rate of mercury speciation from stack  (mg/s). 
• The ‘x’ represents the radial distance from the release point in kth wind sector (m). 
• ui,j  stands for the speed of each wind class at the release level blowing into the sector 
under stability class j and estimated by the wind power law, which is   
(uz2 /uz1)    =    (z2 /z1)pj          (4.12)  
       where,    uz1 =  wind speed at the z1 or the wind-measurement level (m/s) 
uz2 =  wind speed at the z2 or the release level (m/s) 
      =  the stack-height wind speed (m/s) 
 z1  =  the level that make a measurement of wind speed (m) 
                         z2  =  the stack height or the release level (m) 
 pj  =  the wind profile exponent under stability class j    
   (U.S. EPA 1995; Overcamp, 2007).  
• σz,j  is a symbol of  the vertical dispersion coefficient under each stability class (m) 
calculated by using Briggs’ equations (Fjeld et al., 2007):  
  σz,A   =   0.20 x       (4.13a) 
  σz,B   =   0.12 x       (4.13b) 
  σz,C   =   0.08 x/(1+0.0002x)-1/2     (4.13c) 
  σz,D   =   0.06 x/(1+0.0015x)-1/2     (4.13d) 
  σz,E   =   0.03 x/(1+0.0003x)      (4.13e) 
  σz,F  =   0.016 x/(1+0.0003x)      (4.13f)      
• The ‘he’ is a sign showing the release effective height (m).  
   he           =          hs + ∆h       (4.14)  
  137
      where ‘hs’ represents the stack height (m) and ‘∆h’ stands for the plume rise (m), and   
 ∆h   = vs Ds (1.5 + 2.68x10-3 P Ds (Ts-Ta)    (4.15) 
                 uij                                          Ts  
      where,    vs    =   the stack exit gas velocity         (m/s) 
Ds   =   the stack diameter                     (m) 
 uij   =   the wind speed at the stack top (m/s) 
 P    =   the ambient air pressure            (millibars) 
 Ts   =   the stack gas temperature          (Kelvin) 
 Ta   =   the ambient air temperature      (Kelvin) 
 (de Nevers, 2000). 
Deposition Model:  
F    =   CSA (vd  + R ω)        (4.16)         
• F  represents the sector deposition flux (ng/m2-y).  
• vd represents the deposition velocity (m/y). For this study, the deposition velocity was 
averaged from the figure that used in CALTOX model (0.58 cm/s or 1.825x105 m/y) 
and the value suggested by the U.S. EPA, 1997 (1 cm/s or 3.1536x105 m/y). 
• R stands for the annual rainfall rate (mrain/y). The annual rainfall rate measured at the 
two meteorological stations nearby the MTP area was averaged from the 30-year data 
(1968-1997) (TMD, 2007). 
• The ‘ω’ is a symbol of the volumetric washout factor (m3air/ m3rain). This factor is the 
average of 2x105 m3air/m3rain (Mackay et al., 1986) and 1.6x106  m3air/ m3rain  (Peterson 
et al., 1995). 
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• CSA  represents the sector-averaged concentration of Hg2+, both from direct Hg2+ and 
that of oxidized from the dispersed coal-fired Hg0.  
The oxidation of the dispersed Hg0 was assumed to occur within three months, 
according to the suggestion of ‘a few months’ by the UNEP (2002). A rate constant for 
the oxidation of Hg0 was derived in this study and it was 2.77 per year (from ln2 /(3/12)) 
or 0.0076 per day. Moreover, the oxidation of Hg0 was supposed to be mediated by ozone 
only.  
3.) Model simulations. Quantification was performed in Microsoft® Office Excel 
2003 (Microsoft Corporation).  Additionally, the STELLA® (isee systems, Inc.) graphic 
model was also developed for the assessment of concentration of atmospheric mercury in 
each stability class (Figure 4.10). Inputs for transport concentration model and deposition 
model are presented in Table 4.7 and Table 4.8. Equations and descriptions of STELLA® 
transport model are in Appendix E2. 
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Figure 4.10    STELLA® graphic model for transport assessment of atmospheric Hg in   
                    stability class A. 
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Table 4. 7      Parameters for the atmospheric concentration model. 
 
Parameter 
 
 
unit 
 
Value  
 
Emission rate of Hg2+ 
 
S 
 
mg/s 
 
0.2406, 0.4813, 0.7219 
(for 1400, 2800, 4200 MW) 
 
Frequency of wind to a sector 
 
fi,j,k 
 
- 
 
Table 4.9 (or Appendix E3) 
 
Distance from the release point  
or the stack  
 
x 
 
m 
 
1000, 2000, 3000, 4000, 5000, 
6000, 7000, 8000, 9000, 10000 
in the wind direction: N, NNE, 
ENE, E, ESE, SSE, S, SSW, 
WSW, W, WNW, and NWN 
 
Five wind speed groups at the 
measurement level (i.e., 2 m) 
 
uo 
 
m/s 
 
0.9, 2.45, 4.4, 6.7, 9.35 
 
Height of the measurement level 
 
ho  
or z1 
 
m 
 
12 
 
Height of the stack 
 
hs  
or z2 
 
m 
 
200 
 
Power value of each atmospheric 
stability class 
 
pj 
 
- 
 
0.10, 0.15, 0.20, 0.25, 0.30, 
0.30 for A, B, C, D, E, F class 
 
Velocity of stack exit gas 
 
vs 
 
m/s 
 
22.3 
 
Diameter of stack 
 
Ds 
 
m 
 
6.8 
 
Ambient air pressure 
 
P 
 
millibars 
 
1013 
 
Ambient air temperature 
 
Ta 
 
Kelvin 
 
303.15 
 
Temperature of stack exit gas 
 
Ts 
 
Kelvin 
 
350.15 
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Table 4. 8   Parameters for the atmospheric deposition model.  
 
Parameter 
 
 
unit 
 
Value  
 
Deposition velocity 
 
vd  
 
m/y 
 
1.825x105 - 3.1536x105 
 
Rainfall rate  
 
R 
 
m/y 
 
1.3725  
 
Volumetric washout factor 
 
ω   
 
m3air/ m3rain 
 
2x105 - 1.6x106   
 
Rate constant of Hg0 oxidation 
 
kox 
 
/y 
 
2.77 
 
Results and Discussion 
 Based on the assumption that coals to be used in a power plant contain mercury at 
mean level (i.e., 0.0649 ppm), the atmospheric transport assessment approximated mainly 
concentrations of mercury dispersed in the air before getting deposited and the deposition 
flux of mercury onto the surface of the MTP Bay. Details are as follows. 
 (1) Concentrations of Hg2+ prior to the deposition. The ground-level concentration 
of coal-fired Hg2+ dispersed in the MTP ambient air was found maximum at the distance 
3 kilometers to the north-northeast (NNE, or 30° clockwise) from the power plant’s stack. 
The maximum concentrations of the Hg2+ in this position were 5.29 x10-3, 1.06 x10-2, and 
1.58x 10-2 ng/m3 for a generation capacity of 1,400, 2,800, and 4,200 MW, respectively. 
The transport pathway of the dispersed mercury was corresponding to the annual average 
wind direction of the region (i.e., from south-southwest to north-northeast mainly). All of 
the sector-averaged concentrations of the pre-deposited Hg2+ within 10 kilometers around 
the proposed power plant are given in Table 4.10 and Figure 4.11.  
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 (2) Concentrations of Hg0 prior to the deposition. The ground-level concentration 
of coal-fired Hg0 dispersed in the atmosphere was found highest at 3 kilometers from the 
power plant in the north-northeast (NNE; 30° from North) as well. The concentrations of 
Hg0 in this location were 3.00 x10-2, 5.99 x10-2, and 8.99x 10-2 ng/m3 for a power plant of  
1,400, 2,800, and 4,200 MW, respectively. Sector-averaged concentrations of Hg0 within 
10 kilometers around the power plant are given in Table 4.11 and Figure 4.12.  
 (3) The deposition of Hg2+. The potential deposition was determined from the wet 
and dry deposition of the dispersed Hg2+ direct discharged from the proposed power plant 
and the dispersed Hg2+ oxidized from the coal-fired Hg0.  The assessment results showed 
that the deposition was largest in the north-northeast (NNE; 30° from North) far from the 
power plant 4 kilometers. The deposition flux was 49.5568 μg/m2/y for the generation of 
1,400 MW. If the plant expands the capacity to 4,200 MW, the deposition will increase to 
148.5664 μg/m2/y. Results of sector deposition of coal-fired atmospheric Hg2+ are shown 
in Table 4.12 and Figure 4.11. 
 The approximation of atmospheric concentration of Hg2+ or Hg0 can also be done 
by using other atmospheric transport models as described roughly in Chapter 3.  Besides, 
the assumption on oxidation of Hg0 in the atmosphere can be varied from this study. So, 
the predicted concentrations of Hg2+ can be more than one scenario and the examination 
of the actual air samples to validating the model can ensure the prediction. Furthermore, 
an enhanced site-specific meteorology can also enhance the approximation. 
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Table 4.9    Wind frequencies for the study area. 
 
k i u1 u2 u3 u4 u5  k i u1 u2 u3 u4 u5  
A 0.0007 0.0000 0.0000 0.0000 0.0000 A 0.0023 0.0000 0.0000 0.0000 0.0000 
B 0.0119 0.0018 0.0001 0.0000 0.0000 B 0.0405 0.0116 0.0005 0.0000 0.0000 
C 0.0000 0.0016 0.0018 0.0000 0.0000 C 0.0000 0.0098 0.0085 0.0001 0.0000 
D 0.0000 0.0000 0.0013 0.0000 0.0000 D 0.0000 0.0000 0.0060 0.0019 0.0000 
E 0.0084 0.0023 0.0006 0.0000 0.0000 E 0.0287 0.0143 0.0030 0.0000 0.0000 
1 
 
N 
0° 
F 0.0041 0.0011 0.0000 0.0000 0.0000 
7 
 
S 
180° 
F 0.0141 0.0071 0.0000 0.0000 0.0000 
A 0.0006 0.0000 0.0000 0.0000 0.0000 A 0.0027 0.0000 0.0000 0.0000 0.0000 
B 0.0108 0.0018 0.0002 0.0000 0.0000 B 0.0472 0.0167 0.0023 0.0000 0.0000 
C 0.0000 0.0016 0.0035 0.0000 0.0000 C 0.0000 0.0143 0.0406 0.0010 0.0003 
D 0.0000 0.0000 0.0025 0.0000 0.0000 D 0.0000 0.0000 0.0288 0.0367 0.0117 
E 0.0076 0.0023 0.0012 0.0000 0.0000 E 0.0335 0.0208 0.0142 0.0000 0.0000 
2 
 
NNE 
30° 
F 0.0038 0.0011 0.0000 0.0000 0.0000 
8 
 
SSW 
210° 
F 0.0165 0.0102 0.0000 0.0000 0.0000 
A 0.0004 0.0000 0.0000 0.0000 0.0000 A 0.0013 0.0000 0.0000 0.0000 0.0000 
B 0.0070 0.0012 0.0001 0.0000 0.0000 B 0.0227 0.0052 0.0014 0.0000 0.0000 
C 0.0000 0.0011 0.0009 0.0000 0.0000 C 0.0000 0.0045 0.0240 0.0009 0.0003 
D 0.0000 0.0000 0.0007 0.0000 0.0000 D 0.0000 0.0000 0.0170 0.0317 0.0109 
E 0.0050 0.0015 0.0003 0.0000 0.0000 E 0.0161 0.0065 0.0084 0.0000 0.0000 
3 
 
ENE 
60° 
F 0.0024 0.0008 0.0000 0.0000 0.0000 
9 
 
WSW 
240° 
F 0.0079 0.0032 0.0000 0.0000 0.0000 
A 0.0004 0.0000 0.0000 0.0000 0.0000 A 0.0003 0.0000 0.0000 0.0000 0.0000 
B 0.0067 0.0009 0.0001 0.0000 0.0000 B 0.0046 0.0012 0.0001 0.0000 0.0000 
C 0.0000 0.0008 0.0011 0.0000 0.0000 C 0.0000 0.0011 0.0017 0.0001 0.0000 
D 0.0000 0.0000 0.0008 0.0000 0.0000 D 0.0000 0.0000 0.0012 0.0021 0.0004 
E 0.0048 0.0011 0.0004 0.0000 0.0000 E 0.0033 0.0015 0.0006 0.0000 0.0000 
4 
 
E 
90° 
F 0.0024 0.0006 0.0000 0.0000 0.0000 
10 
 
W 
270° 
F 0.0016 0.0008 0.0000 0.0000 0.0000 
A 0.0007 0.0000 0.0000 0.0000 0.0000 A 0.0003 0.0000 0.0000 0.0000 0.0000 
B 0.0119 0.0025 0.0004 0.0000 0.0000 B 0.0046 0.0008 0.0000 0.0000 0.0000 
C 0.0000 0.0021 0.0062 0.0001 0.0000 C 0.0000 0.0007 0.0000 0.0000 0.0000 
D 0.0000 0.0000 0.0044 0.0028 0.0000 D 0.0000 0.0000 0.0000 0.0000 0.0000 
E 0.0084 0.0031 0.0022 0.0000 0.0000 E 0.0033 0.0010 0.0000 0.0000 0.0000 
5 
 
ESE 
120° 
F 0.0041 0.0015 0.0000 0.0000 0.0000 
11 
 
WNW 
120° 
F 0.0016 0.0005 0.0000 0.0000 0.0000 
A 0.0023 0.0000 0.0000 0.0000 0.0000 A 0.0003 0.0000 0.0000 0.0000 0.0000 
B 0.0394 0.0089 0.0005 0.0000 0.0000 B 0.0046 0.0008 0.0000 0.0000 0.0000 
C 0.0000 0.0076 0.0091 0.0001 0.0000 C 0.0000 0.0007 0.0000 0.0000 0.0000 
D 0.0000 0.0000 0.0064 0.0019 0.0000 D 0.0000 0.0000 0.0000 0.0000 0.0000 
E 0.0279 0.0111 0.0032 0.0000 0.0000 E 0.0033 0.0010 0.0000 0.0000 0.0000 
6 
 
SSE 
150° 
F 0.0138 0.0055 0.0000 0.0000 0.0000 
 
12 
 
NNW 
330° 
F 0.0016 0.0005 0.0000 0.0000 0.0000 
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Table 4.10    Concentrations of atmospheric Hg2+ resulting from the coal-fired Hg2+ emissions (ng/m3) 
 
  
at/to S SSW WSW W WNW NNW N NNE ENE E ESE SSE 
 1,400 MW 
1000 m 2.17E-05 2.46E-05 1.37E-05 1.13E-05 3.53E-05 1.02E-04 1.24E-04 2.31E-04 9.51E-05 1.47E-05 7.55E-06 7.55E-06 
2000 m 4.31E-04 4.49E-04 2.61E-04 2.36E-04 5.86E-04 1.72E-03 1.93E-03 3.27E-03 1.48E-03 2.31E-04 1.54E-04 1.54E-04 
3000 m 8.68E-04 8.59E-04 5.19E-04 4.84E-04 1.06E-03 3.20E-03 3.45E-03 5.29E-03 2.48E-03 4.10E-04 3.18E-04 3.18E-04 
4000 m 8.95E-04 8.75E-04 5.33E-04 5.01E-04 1.06E-03 3.24E-03 3.46E-03 5.20E-03 2.48E-03 4.12E-04 3.30E-04 3.30E-04 
5000 m 7.70E-04 7.52E-04 4.58E-04 4.32E-04 9.14E-04 2.78E-03 2.96E-03 4.49E-03 2.18E-03 3.55E-04 2.84E-04 2.84E-04 
6000 m 6.32E-04 6.19E-04 3.76E-04 3.55E-04 7.58E-04 2.28E-03 2.42E-03 3.78E-03 1.87E-03 2.96E-04 2.32E-04 2.32E-04 
7000 m 5.16E-04 5.07E-04 3.07E-04 2.90E-04 6.28E-04 1.87E-03 1.98E-03 3.20E-03 1.62E-03 2.47E-04 1.89E-04 1.89E-04 
8000 m 4.25E-04 4.20E-04 2.52E-04 2.38E-04 5.26E-04 1.54E-03 1.64E-03 2.73E-03 1.41E-03 2.08E-04 1.55E-04 1.55E-04 
9000 m 3.54E-04 3.52E-04 2.10E-04 1.99E-04 4.46E-04 1.29E-03 1.37E-03 2.37E-03 1.25E-03 1.77E-04 1.28E-04 1.28E-04 
10000 m 2.99E-04 2.98E-04 1.77E-04 1.68E-04 3.83E-04 1.10E-03 1.16E-03 2.08E-03 1.11E-03 1.53E-04 1.07E-04 1.07E-04 
 2,800 MW 
1000 m 4.34E-05 4.92E-05 2.75E-05 2.26E-05 7.05E-05 2.04E-04 2.48E-04 4.62E-04 1.90E-04 2.95E-05 1.51E-05 1.51E-05 
2000 m 8.62E-04 8.99E-04 5.23E-04 4.72E-04 1.17E-03 3.44E-03 3.86E-03 6.55E-03 2.96E-03 4.63E-04 3.07E-04 3.07E-04 
3000 m 1.74E-03 1.72E-03 1.04E-03 9.68E-04 2.11E-03 6.40E-03 6.90E-03 1.06E-02 4.95E-03 8.19E-04 6.36E-04 6.36E-04 
4000 m 1.79E-03 1.75E-03 1.07E-03 1.00E-03 2.12E-03 6.48E-03 6.93E-03 1.04E-02 4.96E-03 8.24E-04 6.60E-04 6.60E-04 
5000 m 1.54E-03 1.50E-03 9.17E-04 8.63E-04 1.83E-03 5.55E-03 5.91E-03 8.98E-03 4.36E-03 7.11E-04 5.67E-04 5.67E-04 
6000 m 1.26E-03 1.24E-03 7.52E-04 7.09E-04 1.52E-03 4.56E-03 4.85E-03 7.56E-03 3.75E-03 5.92E-04 4.64E-04 4.64E-04 
7000 m 1.03E-03 1.01E-03 6.14E-04 5.79E-04 1.26E-03 3.74E-03 3.97E-03 6.39E-03 3.23E-03 4.93E-04 3.78E-04 3.78E-04 
8000 m 8.50E-04 8.40E-04 5.05E-04 4.77E-04 1.05E-03 3.09E-03 3.28E-03 5.47E-03 2.82E-03 4.15E-04 3.09E-04 3.09E-04 
9000 m 7.08E-04 7.03E-04 4.20E-04 3.98E-04 8.92E-04 2.59E-03 2.74E-03 4.74E-03 2.49E-03 3.54E-04 2.56E-04 2.56E-04 
10000 m 6.12E-04 6.25E-04 3.77E-04 3.35E-04 7.67E-04 2.19E-03 2.32E-03 4.16E-03 2.23E-03 3.06E-04 2.15E-04 2.15E-04 
 4,200 MW 
1000 m 6.51E-05 7.38E-05 4.12E-05 3.39E-05 1.06E-04 3.06E-04 3.72E-04 6.93E-04 2.85E-04 4.42E-05 2.26E-05 2.26E-05 
2000 m 1.29E-03 1.35E-03 7.84E-04 7.08E-04 1.76E-03 5.16E-03 5.79E-03 9.82E-03 4.43E-03 6.94E-04 4.61E-04 4.61E-04 
3000 m 2.60E-03 2.58E-03 1.56E-03 1.45E-03 3.17E-03 9.60E-03 1.04E-02 1.58E-02 7.43E-03 1.23E-03 9.54E-04 9.54E-04 
4000 m 2.69E-03 2.63E-03 1.60E-03 1.50E-03 3.19E-03 9.72E-03 1.04E-02 1.56E-02 7.43E-03 1.24E-03 9.79E-04 9.90E-04 
5000 m 2.31E-03 2.26E-03 1.71E-03 1.30E-03 2.74E-03 8.33E-03 8.87E-03 1.35E-02 6.53E-03 1.07E-03 8.51E-04 8.51E-04 
6000 m 1.90E-03 1.86E-03 1.13E-03 1.06E-03 2.27E-03 6.84E-03 7.28E-03 1.13E-02 5.62E-03 8.88E-04 6.96E-04 6.96E-04 
7000 m 1.55E-03 1.52E-03 9.20E-04 8.69E-04 1.88E-03 5.61E-03 5.95E-03 9.59E-03 4.85E-03 7.40E-04 5.66E-04 5.66E-04 
8000 m 1.27E-03 1.26E-03 7.57E-04 7.16E-04 1.58E-03 4.63E-03 5.22E-03 8.20E-03 4.23E-03 6.23E-04 4.64E-04 4.64E-04 
9000 m 1.06E-03 1.06E-03 6.30E-04 5.96E-04 1.34E-03 3.88E-03 4.11E-03 7.11E-03 4.24E-03 5.31E-04 3.84E-04 3.84E-04 
10000 m 8.96E-04 8.95E-04 6.83E-04 5.03E-04 1.15E-03 3.29E-03 3.48E-03 6.24E-03 3.34E-03 4.59E-04 3.22E-04 3.22E-04 
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Table 4.11    Concentrations of atmospheric Hg0 resulting from the coal-fired Hg0 emissions (ng/m3) 
 
at/to S SSW WSW W WNW NNW N NNE ENE E ESE SSE 
 1400 MW 
1000 m 1.23E-04 1.40E-04 7.78E-05 6.40E-05 2.00E-04 5.79E-04 7.03E-04 1.31E-03 5.39E-04 8.36E-05 4.28E-05 4.28E-05 
2000 m 2.44E-03 2.55E-03 1.48E-03 1.34E-03 3.32E-03 9.74E-03 1.13E-02 1.86E-02 8.26E-03 1.31E-03 8.71E-04 8.71E-04 
3000 m 4.92E-03 4.87E-03 2.94E-03 2.74E-03 5.98E-03 1.81E-02 1.96E-02 3.00E-02 1.40E-02 2.32E-03 1.80E-03 1.80E-03 
4000 m 5.07E-03 4.96E-03 3.02E-03 2.84E-03 6.02E-03 1.84E-02 1.96E-02 2.95E-02 1.40E-02 2.34E-03 1.87E-03 1.87E-03 
5000 m 4.36E-03 4.26E-03 2.60E-03 2.45E-03 5.18E-03 1.57E-02 1.68E-02 2.55E-02 1.24E-02 2.01E-03 1.61E-03 1.61E-03 
6000 m 3.58E-03 3.51E-03 2.13E-03 2.01E-03 4.29E-03 1.29E-02 1.37E-02 2.14E-02 1.06E-02 1.68E-03 1.32E-03 1.32E-03 
7000 m 2.93E-03 2.88E-03 1.74E-03 1.64E-03 3.56E-03 1.06E-02 1.12E-02 1.81E-02 9.16E-03 1.40E-03 1.07E-03 1.07E-03 
8000 m 2.41E-03 2.38E-03 1.43E-03 1.35E-03 2.98E-03 8.75E-03 9.29E-03 1.55E-02 8.00E-03 1.18E-03 8.76E-04 8.76E-04 
9000 m 2.01E-03 1.99E-03 1.19E-03 1.13E-03 2.53E-03 7.33E-03 7.77E-03 1.34E-02 7.07E-03 1.00E-03 7.26E-04 7.26E-04 
10000 m 1.69E-03 1.69E-03 1.00E-03 9.51E-04 2.17E-03 6.21E-03 6.58E-03 1.18E-02 6.31E-03 8.66E-04 6.09E-04 6.09E-04 
 2800 MW 
1000 m 2.46E-04 2.79E-04 1.56E-04 1.28E-04 4.00E-04 1.16E-03 1.41E-03 2.62E-03 1.08E-03 1.67E-04 8.56E-05 8.56E-05 
2000 m 4.89E-03 5.09E-03 2.96E-03 2.68E-03 6.65E-03 1.95E-02 2.19E-02 3.71E-02 1.68E-02 2.62E-03 1.74E-03 1.74E-03 
3000 m 9.84E-03 9.74E-03 5.88E-03 5.49E-03 1.20E-02 3.63E-02 4.65E-02 5.99E-02 2.81E-02 4.64E-03 3.60E-03 3.60E-03 
4000 m 1.01E-02 9.92E-03 6.05E-03 5.68E-03 1.20E-02 3.67E-02 3.93E-02 5.89E-02 2.81E-02 4.67E-03 3.74E-03 3.74E-03 
5000 m 8.73E-03 8.52E-03 5.19E-03 4.89E-03 1.04E-02 3.15E-02 3.35E-02 5.09E-02 2.47E-02 4.03E-03 3.22E-03 3.22E-03 
6000 m 7.16E-03 7.01E-03 4.26E-03 4.02E-03 7.19E-03 2.59E-02 2.75E-02 4.29E-02 2.12E-02 3.36E-03 2.63E-03 2.63E-03 
7000 m 5.85E-03 5.75E-03 3.48E-03 3.28E-03 7.12E-03 2.12E-02 2.25E-02 3.62E-02 1.83E-02 2.79E-03 2.14E-03 2.14E-03 
8000 m 4.82E-03 4.76E-03 2.86E-03 2.70E-03 5.96E-03 1.75E-02 1.86E-02 3.10E-02 1.60E-02 2.35E-03 1.75E-03 1.75E-03 
9000 m 4.01E-03 3.99E-03 2.38E-03 2.25E-03 5.05E-03 1.47E-02 1.55E-02 2.69E-02 1.41E-02 2.01E-03 1.45E-03 1.45E-03 
10000 m 3.39E-03 3.38E-03 2.01E-03 1.90E-03 4.34E-03 1.24E-02 1.32E-02 2.36E-02 1.26E-02 1.73E-03 1.22E-03 1.22E-03 
 4200 MW 
1000 m 3.69E-04 4.19E-04 2.33E-04 1.92E-04 6.00E-04 1.83E-03 2.11E-03 3.93E-03 1.62E-03 2.51E-04 1.28E-04 1.28E-04 
2000 m 7.33E-03 7.64E-03 4.45E-03 4.01E-03 9.97E-03 3.04E-02 3.28E-02 5.57E-02 2.51E-02 3.93E-03 2.61E-03 2.61E-03 
3000 m 1.48E-02 1.46E-02 8.82E-03 8.23E-03 1.79E-02 5.59E-02 5.87E-02 8.99E-02 4.21E-02 6.97E-03 5.41E-03 5.41E-03 
4000 m 1.52E-02 1.49E-02 9.07E-03 8.52E-03 1.81E-02 5.62E-02 5.89E-02 8.84E-02 4.21E-02 7.01E-03 5.61E-03 5.61E-03 
5000 m 1.31E-02 1.28E-02 7.79E-03 7.34E-03 1.55E-02 4.72E-02 5.03E-02 7.64E-02 3.71E-02 6.04E-03 4.82E-03 4.82E-03 
6000 m 1.07E-02 1.05E-02 6.39E-03 6.03E-03 1.29E-02 3.87E-02 4.12E-02 6.43E-02 3.18E-02 5.03E-03 3.95E-03 3.95E-03 
7000 m 8.78E-03 8.63E-03 5.22E-03 4.93E-03 1.07E-02 3.18E-02 3.37E-02 5.44E-02 2.75E-02 4.19E-03 3.21E-03 3.21E-03 
8000 m 7.23E-03 7.14E-03 4.29E-03 4.06E-03 8.94E-03 2.63E-02 2.79E-02 4.65E-02 2.40E-02 3.53E-03 2.63E-03 2.63E-03 
9000 m 6.02E-03 5.98E-03 3.57E-03 3.38E-03 7.58E-03 2.20E-02 2.33E-02 4.03E-02 2.12E-02 3.01E-03 2.18E-03 2.18E-03 
10000 m 5.08E-03 5.07E-03 3.01E-03 2.85E-03 6.51E-03 1.86E-02 1.98E-02 3.54E-02 1.89E-02 2.60E-03 1.83E-03 1.83E-03 
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Table 4.12    Deposition of atmospheric Hg2+ resulting from the proposed coal-fired power plant (μg/m2-y) 
 
at/to  S  SSW  WSW  W WNW  NNW   N  NNE ENE   E ESE  SSE  
 1400 MW 
1000 m 0.2029 0.2309 0.1285 0.1058 0.3299 0.9573 1.1621 2.1684 0.8907 0.1382 0.0707 0.0707 
2000 m 4.0385 4.2136 2.4504 2.2203 5.4855 16.1034 18.5968 30.6780 13.6841 2.1684 1.4397 1.4397 
3000 m 8.1303 8.0428 4.8666 4.5327 9.8995 29.9804 32.4293 49.5568 23.1235 3.8292 2.9802 2.9802 
4000 m 8.3782 8.2001 4.9913 4.6915 9.9440 30.3366 32.4442 48.8295 23.1235 3.8618 3.0871 3.0871 
5000 m 7.2131 7.0380 4.3012 4.0548 8.5697 25.9435 27.6948 42.1359 20.4520 3.3171 2.6626 2.6626 
6000 m 5.9248 5.8017 3.5264 3.3171 7.0914 21.3425 22.5892 35.4422 17.5282 2.7695 2.1847 2.1847 
7000 m 4.8473 4.7598 2.8749 2.7160 5.8892 17.5282 18.5226 29.9804 15.1535 2.3109 1.7647 1.7647 
8000 m 3.9850 3.9331 2.3628 2.2381 4.9215 14.4559 15.3613 25.5724 13.2240 1.9561 1.4486 1.4486 
9000 m 3.3157 3.2978 1.9740 1.8686 4.1795 12.1109 12.8382 22.2182 11.6953 1.6534 1.2007 1.2007 
10000 m 2.7888 2.7873 1.6534 1.5717 3.5813 10.2705 10.8790 19.5615 10.4189 1.4322 1.0063 1.0063 
 2800 MW   
1000 m 0.4073 0.4619 0.2575 0.2116 0.6612 1.9205 2.3272 4.3368 1.7810 0.2768 0.1414 0.1414 
2000 m 8.0769 8.4138 4.8874 4.4258 10.9829 32.2661 36.1546 61.3708 27.6948 4.3383 2.8749 2.8749 
3000 m 16.2666 16.1034 9.7214 9.0802 19.7544 59.9609 74.9511 98.9948 46.3806 7.6717 5.9456 5.9456 
4000 m 16.7119 16.4002 10.0034 9.3800 19.7693 60.6733 64.9032 97.3622 46.3955 7.7237 6.1890 6.1890 
5000 m 14.4262 14.0849 8.5741 8.0784 17.1868 52.0205 55.3748 84.1233 40.9040 6.6655 5.3238 5.3238 
6000 m 11.8289 11.5914 7.0380 6.6476 12.2593 42.8334 45.4901 70.8844 35.1009 5.5538 4.3546 4.3546 
7000 m 9.6620 9.4988 5.7497 5.4158 11.7695 35.0860 37.2084 59.7976 30.3218 4.6203 3.5442 3.5442 
8000 m 7.9700 7.8662 4.7271 4.4629 9.8550 28.9267 30.6928 51.3081 26.4481 3.8811 2.8927 2.8927 
9000 m 6.6313 6.5942 3.9331 3.7223 8.3441 24.3257 25.5873 44.4363 23.2868 3.3157 2.3984 2.3984 
10000 m 5.6280 5.6325 3.3498 3.1390 7.1790 20.4668 21.8471 38.9746 20.8230 2.8585 2.0111 2.0111 
 4200 MW   
1000 m 0.6101 0.6928 0.3847 0.3175 0.9914 3.0069 3.4908 6.4903 2.6789 0.4144 0.2116 0.2116 
2000 m 12.1109 12.6304 7.3526 6.6313 16.4892 49.9575 54.1577 92.0488 41.4531 6.4918 4.3204 4.3204 
3000 m 24.4890 24.1625 14.5895 13.5951 29.6391 92.0192 97.0654 148.5664 69.6526 11.5172 8.9407 8.9407 
4000 m 25.0678 24.6819 14.9902 14.0849 29.9656 92.6425 97.3622 146.1917 69.6526 11.5914 9.2598 9.2761 
5000 m 21.6839 21.1644 13.3725 12.1406 25.5873 77.9640 83.0696 126.3037 61.3412 9.9885 7.9715 7.9715 
6000 m 17.6617 17.3649 10.5674 9.9588 21.3277 64.0275 68.0942 106.2673 52.5697 8.3084 6.5245 6.5245 
7000 m 14.5153 14.2630 8.6231 8.1467 17.6321 52.5548 55.7310 89.9265 45.4901 6.9311 5.3074 5.3074 
8000 m 11.9476 11.7992 7.0899 6.7174 14.7824 43.5310 46.6329 76.8805 39.6721 5.8373 4.3546 4.3546 
9000 m 9.9440 9.8995 5.9070 5.5894 12.5413 36.3327 38.4551 66.6545 35.8281 4.9735 3.5977 3.5977 
10000 m 8.3945 8.3782 5.1991 4.7093 10.7603 30.7077 32.7707 58.5361 31.2271 4.3026 3.0307 3.0307 
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Figure 4.11    Concentrations of atmospheric Hg2+ resulting from coal-fired Hg2+  
emissions in the MTP area. 
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Figure 4.12  Concentrations of atmospheric Hg0 resulting from coal-fired Hg0  
emissions in the MTP area. 
 
  149
 
1400 MW
0.00
20.00
40.00
60.00
80.00
100.00
120.00
140.00
160.00
180.00
 S,180  SSW,210  WSW,240  W,270 WNW,300 NNW,330  N,0  NNE,30 ENE,60  E,90 ESE,120 SSE,150
ug/m3 Deposition of Hg2+ at 1 km
at 2 km
at 3 km
at 4 km
at 5 km
at 6 km
at 7 km
at 8 km
at 9 km
at 10 km
 
2800 MW
0.00
20.00
40.00
60.00
80.00
100.00
120.00
140.00
160.00
180.00
 S,180  SSW,210  WSW,240  W,270 WNW,300 NNW,330  N,0  NNE,30 ENE,60  E,90 ESE,120 SSE,150
at 1 km
at 2 km
at 3 km
at 4 km
at 5 km
at 6 km
at 7 km
at 8 km
at 9 km
at 10 km
 
4200 MW
0.00
20.00
40.00
60.00
80.00
100.00
120.00
140.00
160.00
180.00
 S,180  SSW,210  WSW,240  W,270 WNW,300 NNW,330  N,0  NNE,30 ENE,60  E,90 ESE,120 SSE,150
Direction from the power plant, degree from North
at 1 km
at 2 km
at 3 km
at 4 km
at 5 km
at 6 km
at 7 km
at 8 km
at 9 km
at 10 km
 
 
  
 
  Figure 4.13   Deposition of atmospheric Hg2+ due to the proposed power plant. 
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Conclusion 
The approximations of concentrations of coal-fired Hg2+ and Hg0 dispersed in the 
MTP region around a proposed coal-fired power plant of capacity 1400, 2800, and 4200 
megawatts were carried out in this study section. The basic purpose was to approximate 
the deposition of the dispersed coal-fired mercury onto the MTP area and the MTP Bay. 
The estimations employed a long-term sector-averaged Gaussian plume model. This type 
of model was selected because it generates the annual averaged concentrations, which are 
proper to the long-term or chronic exposure assessment.  
The estimated concentrations of atmospheric Hg2+ and Hg0 at ground level in the 
MTP region were found maximum at the distance far from a power plant 3 kilometers in 
the north-northeast. This spot is located in the MTP Bay. The deposition of Hg2+ was also 
found highest at this position. The maximum atmospheric deposition of Hg2+ to the MTP 
Bay caused by each capacity of a power plant was 49.5568 ug/m2/y, 98.9948 ug/m2/y, 
and 148.5664 ug/m2/y for 1400, 2800, and 4,200 MW, respectively.  
The estimated deposition and concentrations of atmospheric mercury were greater 
in the north-nortwest (NNW, 330° clockwise) through the east-northeast (ENE, 60°) to a 
power plant than in other directions. This result is corresponding to the sources of winds 
of the area, i.e., the annual average winds in the study area were found higher in the east-
southeast (SSE, 180°) through the west-southwest (WSW, 240°). The highest frequencies 
of winds were found in the south-southwest (SSW, 210°) and the highest concentration of 
each mercury species together with the deposition of Hg2+ were found in the opposite site 
of the wind sources, which is the north-northeast (NNE, 30°). 
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Prospective Mercury in the MTP Bay 
Introduction  
Once entering a water body, the deposited Hg2+ can undergo various processes in 
the water column and in the sediments (U.S. EPA, 1997c). The reaction of most concern 
is the transformation of Hg2+ to MeHg, i.e., the methylation of Hg2+, in the sediments 
(Wood et al., 1968) and in the waters (Jensen and Jernelov, 1969). There is concern 
because MeHg is the most biologically available form to aquatic biota leading to the 
biomagnification of mercury in a certain food chain (Riisgard and Hansen 1990), and it is 
the most toxic form of mercury to higher trophic level species (Wobeser et al., 1976; 
Ronald et al., 1977; Wagemann et al., 2000; Basu et al., 2005a; 2005b; 2006) including 
humans (Uchida et al., 1961; Ordonez et al., 1966; Clarkson, 1997; Magos, 1997).  The 
objectives of this study section were to assess (i) the incremental concentrations of Hg2+ 
and MeHg in the MTP coastal waters and sediments resulting from the deposition of 
Hg2+, and (ii) the total future concentrations of Hg2+ and MeHg, i.e., when the current 
contamination of mercury of the MTP area was included.  
Methodology 
1.) Scope of the assessment. The approximations of concentrations of mercury in 
the MTP coastal waters and sediments were limited to the deposition of Hg2+ previously 
predicted in this study along with the current contamination of mercury in the MTP Bay 
studied by the government agency in Thailand. Only the deposition locations in the water 
bodies of the MTP Bay were assessed. The other inputs to the aquatic system such as the 
terrestrial runoff and industrial effluents were not considered in this assessment. 
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2.) Models and parameters.  Models for assessing concentrations of mercury were 
particularly developed in this study and limited to the processes shown in Figure 4.14. 
There were four mathematical models developed to serve the assessment of fate and 
transport of Hg2+ and MeHg in the MTP coastal ecosystem (Equation 4.16 through 4.19). 
These equations were based on the mass balance principles and followed the contaminant 
transport equation (Fjeld et al., 2007), which is stated,  
 
 
 
 
 
 
In this study, the dispersion and advection effects to mercury speciation in each 
compartment were considered to be neglected for the reason that the numerical values for 
dispersion and advection terms for this study area were not available at the time of doing 
this assessment. As the mentioned data become available, further MTP aquatic modeling 
including these two transport terms will be conducted. This MTP aquatic fate model was 
considered as the base version and the improvement is recommended.  
The four compartments established to approximate the concentrations of mercury 
in the MTP waters and sediments were (1) the Hg2+ seawater compartment, (2) the MeHg 
seawater compartment, (3) the MeHg sediment compartment, and (4) the Hg2+ sediment 
compartment.  These four compartments were connected to each other via reactions and 
processes (Figure 4.14 or 4.15). From Figure 4.15, an equation for each compartment was 
described separately as follows.  
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Figure 4.14 Scope of the processes considered in atmospheric and aquatic fate and transport assessments.  
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Figure 4.15     Compartments considered in the assessment of concentrations of mercury  
speciation in the MTP Bay. 
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(1) Model for the Hg2+ seawater compartment: 
 
 
 
 
 
 
 
 
 
 
 
 
 
or,  
∂C1 =  Fc – (km1*C1) – (krd1*C1) - (KD1*C1*SS*Sd/ Z) + (kdm1*C2) + (fds1*C4)  (4.17) 
∂t           
 
 
 
Figure 4.16      The Hg2+ seawater compartment. 
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(2) Model for the MeHg seawater compartment: 
 
 
 
 
 
 
 
 
 
 
 
 
 
or, 
∂C2 =  (km1*C1) – (kdm1*C2) - (KD2*C2*SS*Sd/ Z) + (fds2*C3) – (km3*C2)   (4.18) 
∂t             
 
 
 
Figure 4.17       The MeHg seawater compartment. 
 
 
MeHg 
seawater  
adsorption and 
sedimentation 2 
 demethylation 1 
methylation 1 
desorption and 
resuspension 2 
 methylation 3 
time rate of 
change of MeHg
concentration in 
the seawater 
       = 
rate of 
methylation 
of Hg2+ 
 in seawater 
rate of 
methylation 
of MeHg  
in seawater 
  - 
rate of adsorption 
and sedimentation   
of MeHg  
in seawater 
    - 
rate of 
demethylation 
of MeHg  
in seawater 
rate of desorption 
and resuspension     + - of MeHg  
in seawater 
  157
(3) Model for the MeHg sediment compartment: 
 
 
 
 
 
 
 
 
 
 
 
 
 
or, 
∂C3 =   (km2*C4 ) - (kdm2*C3) + (KD2*C2*SS*Sd /Z) – (fds2*C3) – (km4*C3)             (4.19) 
∂t               
 
 
 
Figure 4.18       The MeHg sediment compartment. 
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(4) Model for the Hg2+sediment compartment: 
 
 
 
 
 
 
 
 
 
 
 
 
 
or, 
∂C4 =  (kdm2*C3) - (km2*C4) - (krd2*C4) + (KD1*C1*SS*Sd/ Z) – (fds1*C4)   (4.20) 
∂t                                                      
 
 
 
Figure 4.19         The Hg2+ sediment compartment. 
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where,  
C1   =  concentration of Hg2+ in water  (µg/m3) 
C2   =  concentration of MeHg in water  (µg/m3) 
C3   =  concentration of MeHg in sediment  (µg/g) 
C4   =  concentration of Hg2+ in sediment  (µg/g) 
Fc   =  concentration of atmospheric Hg2+ deposited per day (µg/m3/d)  
km1  =  rate constant of methylation of Hg2+ in seawater (/day) 
km2  =  rate constant of methylation of Hg2+ in saltwater sediment (/day) 
km3  =  rate constant of methylation of MeHg in seawater (/day) 
km4  =  rate constant of methylation of MeHg in saltwater sediment (/day) 
kdm1  =  rate constant of demethylation of MeHg in seawater (/day) 
kdm2  =  rate constant of demethylation of MeHg in saltwater sediment (/day) 
krd1  =  rate constant of reduction of Hg2+ in seawater (/day) 
krd2  =  rate constant of reduction of Hg2+ saltwater sediment (/day) 
KD1   =  soil-water partition coefficient of Hg2+ in seawater (m3/kg) 
KD2   =  soil-water partition coefficient of MeHg in seawater (m3/kg) 
fds1   =  rate constant of desorption and resuspension of Hg2+ from suspended solids and   
     sediment (/day) 
fds2   =  rate constant of desorption and resuspension of MeHg from suspended solids    
and sediment (/day) 
KD1   =  soil-water partition coefficient for Hg2+ (m3/kg) 
KD2   =  soil-water partition coefficient for MeHg (m3/kg) 
SS   =  suspended solids in the water compartment (kg/m3) 
Sd  =  sedimentation rate in the water column (m/day) 
Z  =  the depth of the seawater compartment or the depth of the MTP Bay (m) 
t  =  time (day) 
The numerical values of parameters are given in Table 4.13. 
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Table 4.13    Parameters for the assessment of mercury speciation in the MTP Bay. 
 
Parameter 
 
 
unit 
 
Value  
 
Deposition of atmospheric Hg2+ 
 
F 
 
μg/m2/y 
 
As shown in Table 4.12 
Concentration of deposited Hg2+ 
per day     
 
 
Fc 
 
μg/m3/d 
 
= (F/365)/ Z 
 
Depth of the MTP Bay 
 
Z 
 
m 
 
Mean (15, 20)  
 
Suspended solid in the MTP 
Bay 
 
 
SS 
 
kg/m3 
 
Mean (0.5x10-3, 4.2x10-3) 
 
Sedimentation rate in MTP Bay 
 
Sd 
 
m/d 
 
Mean (0.21x10-2, 0.66x10-2)/365 
 
Current HgT in the MTP Bay 
water  
 
  
ug/L 
 
0.052 + 0.037 
 
Current HgT in the MTP Bay 
sediment  
 
  
ug/g 
 
0.040 + 0.055 
 
Hg2+ in HgT in the seawater 
  
% 
 
90 
 
MeHg in HgT in the seawater 
  
% 
 
10 
 
Hg2+ in HgT in the sediment 
  
% 
 
99 
 
MeHg in HgT in the sediment 
  
% 
 
1 
 
Rate constant of methylation of  
Hg2+ in saltwater  
 
km1 
 
/d 
 
0.045 
 
Rate constant of reduction of  
Hg2+ in saltwater   
 
krd1 
 
/d 
 
0.037  
 
Soil-water partition coefficient  
for Hg2+  
 
KD1 
 
m3/kg 
 
Mean (3.3, 60) 
 
Desorption and resuspension of  
Hg2+ from SS and sediment 
 
fds1 
 
/d 
 
6.575x10-4 
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Table 4.13    Parameters for the assessment of mercury speciation in the MTP Bay 
(continued). 
 
 
Parameter 
 
 
unit 
 
Value  
 
Rate constant of demethylation  
of MeHg in saltwater  
 
kdm1 
 
/d 
 
0.235 
 
Rate constant of methylation of  
MeHg in saltwater   
 
km3 
 
/d 
 
0.004 
 
Soil-water partition coefficient  
for MeHg    
 
KD2 
 
m3/kg 
 
Mean (7, 10) 
 
Desorption and resuspension of  
MeHg from SS and sediment 
 
fds2 
 
/d 
 
6.575x10-4 
 
Rate constant of demethylation  
of MeHg in saltwater sediment  
 
kdm2 
 
/d 
 
0.155 
 
Rate constant of methylation of  
MeHg in saltwater sediment  
 
km4 
 
/d 
 
5.4x10-7 
 
Rate constant of methylation of  
Hg2+ in saltwater sediment  
 
km2 
 
/d 
 
0.058 
 
Rate constant of reduction of  
Hg2+ in saltwater sediment   
 
krd2 
 
/d 
 
2.16 x10-6 
 
Note: From Table 4.13, 
• The average current concentration of HgT in the MTP seawater was ranging from 
0.002 to 0.480 ug/L, studied during 1995-1999 (PCD, 2001). 
• The average current concentration of HgT in the MTP coastal sediments was ranging 
from 0.001 - 0.293 ug/g, studied during 1995-1999 (PCD, 2000; 2001; Chongprasith, 
et al., 2004). 
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• The fraction of Hg2+ in HgT in seawater was considered as 90%, which is around the 
fraction of Hg2+ in seawater of the Gulf of Trieste (Faganeli et al., 2003). So, the 
fraction of MeHg is 10%. 
• The fraction of MeHg in marine sediments was considered as 1% of HgT. Morel et al. 
(1998) suggested that MeHg in coastal sediment is less than 1% of HgT. Gagnon et 
al. (1997) found MeHg 0.4 % in sediments from Saguenay Fjord, while Baeyens et al. 
(1998) found 0.4 - 0.8% MeHg in Scheldt Estuary sediments. Benoit et al. (1998) 
found 0.1- 0.5 % MeHg in sediments from Patuxent River Estuary, and Bloom et al. 
(1999) discovered 0.01 - 1.6 % of MeHg in sediments from Lavaca Bay. The coastal 
sediments in Bay of Fundy was found 0.53 - 0.90 % MeHg (Sunderland et al., 2006). 
Trombini et al. (2003) found 0.03 – 0.3% MeHg in HgT in coastal sediment in Italy; 
Kongchum et al. (2006) found MeHg 1.7% in salt marsh from the Mississippi river; 
Benoit et al. (2006) found 0.1 – 1.8 % MeHg in sediments from Boston Harbor; and  
Mishra et al. (2005) found 3 - 10 % MeHg in coastal sediment from Mumbai, India.  
• Bulk density of marine sediment was 0.25 g/cm3 (equals bulk density of salt marsh 
from Mississippi river studied by Kongchum et al., 2006). 
• Sd rate or the sedimentation rate of the MTP Bay was averaged from the rate of 0.21 
cm/y (Srisuksawad and Rungsupa, 2002) to 0.66 cm/y (Mohamed, C.A.R., 2007). 
• SS or the annual concentration of suspended soilds in the MTP saltwater was studied 
in 1995 (OEPP, 1997a). 
• KD1 or soil-water partition coefficient of Hg2+ was used after Lyon et al. (1997). 
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• KD2 or soil-water partition coefficient of MeHg was mentioned in Benoit et al. (1998), 
which referred to Leermakers et al. (1995) and Stordal et al. (1996). 
• Desorption and resuspension of Hg2+ from the sediments was considered here to be 
24% of the concentration of Hg2+ in the sediment per year. The value was modified 
from the work of Jing et al. (2008) and Yin et al. (1997).  
• Desorption and resuspension of Me Hg from the sediments was also considered 24%. 
• km1 or rate constant of methylation of Hg2+ in saltwater was derived from the studies 
by Monperrus et al. (2007) (range 0.3% - 6.3% /d) and by Whalin et al. (2007) (an 
average 0.0864 /d).  
• km2 or rate constant of methylation of Hg2+ in marine sediments was derive based on 
Heyes et al. (2006) (range 0.00252- 0.04392 /d), Rodriguez Martin-Doimeadios et al. 
(2004) (range 0.0015 - 0.1824 /d), Orgrinc et al. (2007) (range 0.0016 - 0.0071 /d), 
Monperrus et al. (2007) ( range 0.0025 - 0.0132 /d), Hammerschmidt et al. (2004) 
(range 0.014 - 0.082 /d), and Lambertsson and Nilsson (2006) (range 0.01 - 0.115/d).  
• km3 or rate constant of methylation of MeHg (to Me2Hg, dimethylmercury) in marine 
water was derived based on Monperrus et al. (2007) (0, 0, 0, .24, .31, .40, .32, .72, 
1.5, .50, .30, .76 /d). 
• km4 or rate constant of methylation of MeHg (to Me2Hg, dimethylmercury) in marine 
sediments was averaged from the production of dissolved gaseous Me2Hg in aerobic 
conditions (1.4x10-7 to 9.4x10-7 /d) (Rodríguez Martín-Doimeadios et al., 2004). 
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• kdm1 or rate constant of demethylation of MeHg in saltwater was derived from the 
works of Monperrus et al. (2007) (0.038 - 0.245 /d) and Whalin et al. (2007) (0.0864 - 
0.432/d).  
• kdm2 or rate constant of demethylation of MeHg in marine sediments was based on the 
studied by Rodríguez Martín-Doimeadios et al. (2004) (mean 0.1638 /d) and Drott at 
al. (2008) (mean 0.20 + 0.24 /d for high ambient MeHg, and 0.11 + 0.07 /d) for low 
ambient MeHg.  
• krd1 or rate constant of reduction of Hg2+ (to Hg0) in saltwater was averaged from the 
production rate of dissolved gaseous Hg0; 4.1, 2.9, 2.7, 14.8, 4.1, 2.7, 1.5, 6.4, 2.2, 
0.8, 2.4, 0.2, and 2.4 %  /d (Monperrus et al., 2007). 
• krd2 or rate constant of reduction of Hg2+ (to Hg0) in marine sediment was averaged 
from the production rate of dissolved gaseous Hg0 in aerobic conditions (0.56x10-6 to 
3.76x10-6 /d) (Rodríguez Martín-Doimeadios et al., 2004). 
 
3.) Model simulation.  Four mathematical models above (Equation 4.17 through 
4.20) were transformed into STELLA® (isee systems, Inc.) graphic model (Figure 4.20) 
in order to simultaneously estimate the concentrations of Hg2+, MeHg and HgT in waters 
and sediments for each scenario of plant operation capacity, i.e., 1,400, 2,800, and 4,200 
MW. The approximations were carried out for the maximum and minimum spots of the 
depositions of the atmospheric Hg2+ to obtain the range of future mercury contamination 
in the MTP Bay. Parameters input to the model are given in Table 4.13. Equations and 
descriptions for the STELLA® aquatic fate model are shown in Appendix E5. 
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Figure 4.20    STELLA® graphic model for aquatic fate assessment of mercury.
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Results and Discussion 
At the locations of maximum and minimum depositions of the atmospheric Hg2+ 
onto the MTP Bay, i.e., 3 km-NNE and 1 km-SSE from the power plant, respectively, 
approximately plotted in Figure 4.21, the incremental contaminations of mercury species 
in the MTP coastal water and sediments together with the total future contaminations of 
such species were calculated using the STELLA® model. The maximum concentrations 
of Hg2+, MeHg and HgT predicted for the MTP coastal waters and sediments are shown 
in Table 4.14 and the minimum contaminations are given in Table 4.15.  
The incremental concentrations of Hg2+ in the MTP coastal waters due to a power 
plant were ranging from 2.93x10-7 to 2.01x10-4 µg/L, 5.86x10-7 to 4.11x10-4 µg/L and 
8.78x10-7 to 6.16x10-4 µg/L for a 1,400-, 2,800, and 4,200-MW power plant, respectively. 
At the maximum spot, i.e., 3 km-NNE, the concentration of Hg2+ in the water (Cw Hg2+) 
were increased from the background, i.e., 0.0468 µg/L, 0.44%, 0.88%, and 1.32% from a 
1,400-, 2,800-, and 4,200-MW power plant, respectively. The concentrations of MeHg in 
the MTP coastal water were also increased 0.74%, 1.49%, and 2.23% from the current 
concentration of MeHg, i.e., 0.0052 µg/L, by a 1,400-, 2,800-, and 4,200-MW coal-fired 
power plant.  The relationships between mercury speciation in the MTP Bay and capacity 
of the power plant are shown in Figure 4.22 for the Hg2+ and MeHg and Figure 4.23 for 
the HgT. All results showed linear relationships. Equations to predict the prospective 
contamination of mercury in the MTP Bay due to the expansion of a power plant were 
established as  well as shown in Figure 4.22 and 4.23. 
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Figure 4.21     The spots of the maximum and minimum predicted  mercury   
contaminations in the MTP Bay. 
  Note:  The maximum spot (big red square) is located 3 km to the NNE. 
   The minimum spot (small red square) is located 1 km to the SSE. 
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Table 4.14     The maximum concentration of mercury speciation in the MTP Bay. 
 
   Incremental concentration 
 
   1,400 MW 2,800 MW 4,200 MW 
Hg2+ Deposition µg/m2/y  49.5568 98.9948 148.5664 
Cw Hg2+ µg/L  0.00021 0.00041 0.00062 
Cw MeHg µg/L  0.00004 0.00008 0.00012 
Cw HgT µg/L  0.00024 0.00049 0.00073 
Csd Hg2+ µg/g  5.36E-11 1.07E-10 1.61E-10 
Csd MeHg µg/g  2.00E-11 3.99E-11 5.99E-11 
Csd HgT µg/g  7.36E-11 1.47E-10 2.21E-10 
Distance and direction  3km-NNE 3km-NNE 3km-NNE 
 
   Total future concentration   
  Background 1,400 MW 2,800 MW 4,200 MW 
Cw Hg2+ µg/L 0.04680 0.04700 0.04721 0.04742 
Cw MeHg µg/L 0.00520 0.00524 0.00528 0.00532 
Cw HgT µg/L 
 
0.05200 0.05224 0.05249 0.05273 
Csd Hg2+ µg/g 0.03960 
 
0.03960 
 
0.03960 
 
0.03960 
Csd MeHg µg/g 0.00040 
 
0.00040 
 
0.00040 0.00040 
Csd HgT µg/g 0.04000 0.04000 0.04000 0.04000 
Distance and direction  3km-NNE 3km-NNE 3km-NNE 
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Table 4.15     The minimum concentration of mercury speciation in the MTP Bay. 
 
   Incremental concentration  
   1,400 MW 2,800 MW 4,200 MW 
Hg2+ Deposition µg/m2/y  0.0707 0.1414 0.2116 
Cw Hg2+ µg/L  2.93E-7 5.86E-7 8.78E-7 
Cw MeHg µg/L  5.52E-8 1.10E-7 
 
1.65E-7 
Cw HgT µg/L  3.48E-7 6.97E-7 1.04E-6 
Csd Hg2+ µg/g  
 
7.65E-14 
 
1.53E-13 
 
2.29E-13 
Csd MeHg µg/g  
 
2.85E-14 
 
5.70E-14 
 
8.54E-14 
Csd HgT µg/g  1.05E-13 2.10E-13 3.14E-13 
Distance and direction  1km-SSE 1km-SSE 1km-SSE 
 
   Total future concentration  
  Background 1,400 MW 2,800 MW 4,200 MW 
Cw Hg2+ µg/L 0.04680 0.04680 0.04680 0.04680 
Cw MeHg µg/L 0.00520 0.00520 0.00520 0.00520 
Cw HgT µg/L 
 
0.05200 0.05200 0.05200 0.05200 
Csd Hg2+ µg/g 0.03960 
 
0.03960 
 
0.03960 
 
0.03960 
Csd MeHg µg/g 0.00040 
 
0.00040 
 
0.00040 0.00040 
Csd HgT µg/g 0.04000 0.04000 0.04000 0.04000 
Distance and direction  1km-SSE 1km-SSE 1km-SSE 
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 Figure 4.22     Relationships of mercury in the MTP Bay and capacity of the power plant 
  based on the maximum concentrations of Hg2+ and MeHg. 
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 Figure 4.23     Relationships of mercury in the MTP Bay and capacity of the power plant 
  based on the maximum concentrations of HgT. 
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Conclusions 
The ultimate goal of this study section was to obtain the concentrations of Hg2+, 
MeHg, and HgT increased in the coastal waters and sediments of the MTP Bay after the 
installation of a hypothetical prospective power plant of 1,400, 2,800, and 4,200 MW. 
The approximations were accomplished by a fate and transport model developed based 
on the principles of the mass balance and using data available at the time of conducting 
this research. The highest and lowest spots, i.e., 3 km-NNE and 1 km-SSE, based on the 
Hg2+  depositions, in the MTP Bay were assessed for the incremental and total future 
mercury speciation concentrations. From the approximations, the highest concentration of 
Hg2+, MeHg, and HgT in the MTP coastal waters associated with a 1,400 MW coal-fired 
power plant were 0.4701µg/L, 0.00524 µg/L, and 0.052244 µg/L, which were increased 
0.44 %, 0.74 %, and 0.47 % from the background concentrations. The percentage of the 
increase in contamination of mercury was found linearly higher in a larger capacity coal-
fired power plant. The concentrations of Hg2+, MeHg, and HgT in the sediment of the bay 
were found increased very little from the background, i.e., 1.35x10-7 %, 5.05x10-8 %, and 
1.34x10-4 %, respectively, for a 1,400 MW power plant. However, once better data are 
available, e.g., from coastal engineering analysis, the improved results can be attained.  
 
 
 
 
 
 
 
 
 
 
  173
Prospective Mercury Risks to Marine Phytoplankton 
Introduction 
 As mentioned in the ‘receptors and endpoints of concerns’ section that mercury 
can be toxic to phytoplankton (Boney et al., 1959; Boney and Corner, 1959; Boney 1971; 
Matida et al., 1971; Hannan and Patouillet, 1972; Knauer and Martin, 1972; Berland et 
al., 1977; Mason et al., 1996; Okamoto et al., 1999), and phytoplankton are important to 
the aquatic ecosystem as they are the primary producers of the aquatic food chain (Barns 
and Mann, 1995; Townsend et al., 2003). The objective of this study section was then to 
assess the risk posed by mercury to the saltwater phytoplankton in the MTP Bay after the 
installation of a prospective hypothetical coal-fired power plant. 
Methodology 
1.) Assessment scenarios.  Seven scenarios of mercury contaminations in the MTP 
Bay were considered in the assessments of mercury risks to marine phytoplankton: the 
current contamination (1st scenario), the incremental contamination in the future due to a 
coal-fired power plant of 1,400 MW (2nd scenario), 2,800 MW (3rd scenario), and 4,200 
MW (4th scenario), and the total future contamination, i.e., the current contamination plus 
the incremental contamination, after the installation of such coal-fired power plant of 
1,400 MW (5th scenario), 2,800 MW (6th scenario) and 4,200 MW (7th scenario).  
2.) Exposure pathway. Phytoplankton were considered exposed to mercury in the 
water columns and uptake mercury to their organisms via passive diffusion through cell 
membranes and accumulate the uptake mercury in their cytoplasm (Gutkneckt, 1981; 
Mason et al., 1996). The exposure pathway used in this study is shown in Figure 4.2. 
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3.) Assessment and measurement endpoints. Mortality caused by the exposure to 
Hg2+ was considered as an assessment endpoint for phytoplankton in the MTP Bay. The 
no observed effect concentration (NOEC) for Hg2+ in saltwater phytoplankton was used 
as a measurement endpoint. The NOECs for Hg2+ from the toxicity tests on the survival 
of marine dinoflagellate Gonyaulax polyedra exposed to Hg2+ studied by Okamoto et al. 
(1999) were utilized. The NOEC (4 days) of 0.25 µg/L and the NOEC (2 days) of 0.50 
µg/L (Okamoto et al., 1999) were averaged for the point-estimate NOEC, while the range 
of NOECs 0.25 µg/L to 0.50 µg/L was considered to be distributed uniformly and used in 
a stochastic risk assessment. These two NOECs were chosen because they are the lowest 
NOECs that have been found up till now. 
4.) Risk characterization method.  The risk posed by Hg2+ to the phytoplankton in 
each assessment scenario was determined using a hazard quotient (HQ) approach, i.e., the 
concentration of Hg2+ in the exposure medium (EC) was divided by a toxicologically safe 
concentration of Hg2+, i.e., NOEC, in such medium.  
5.) Stochastic risk assessment. A stochastic or probabilistic risk assessment was 
conducted for each assessment scenario in order to treat the uncertainties in the EC and 
NOEC parameters. The variability (or uncertainty type A) of the EC was caused by the 
ranges of rate constants of reduction (krd1) and methylation (km1) of Hg2+ in saltwater, i.e., 
the sensitive parameters (Appendix E6). The EC was considered distributed log-normally 
as suggested by the U.S. EPA (2001). The distribution of the NOECs was supposed to be 
a uniform. The HQ from a 5,000-trials Monte Carlo simulation was ultimately obtained.  
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Figure 4.24 Conceptual pathway of mercury from coal to the receptors. 
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6.)   Summary of risk assessment models and parameters for phytoplankton. 
The assessed stressor:       Inorganic mercury (Hg2+) in saltwater 
The assessed receptor:      Saltwater phytoplankton  
The assessment endpoint:       Mortality  
The measurement endpoint:      No observed effect concentration (NOEC) 
The toxicologically safe level:      No observed effect concentration (NOEC) 
Risk assessment model:      HQ  =   EC / NOEC 
Current risk assessment model:     HQcurrent =  Cw-current Hg2+ / NOECw-phytoplankton 
Incremental risk assessment model:      HQincremental = Cw-incremental Hg2+ / NOECw-phytoplankton 
Total future risk assessment model:      HQfuture =  Cw-future Hg2+ / NOECw-phytoplankton 
EC =  the exposure concentration of Hg2+ in saltwater = Cw_Hg2+ 
Cw_Hg2+  =  the concentration of Hg2+ in saltwater  
Cw-current Hg2+ =  the current concentration of Hg2+ in saltwater of the MTP Bay 
Cw-incremental Hg2+  =  the incremental concentration of Hg2+ in saltwater of the MTP Bay 
Cw-future Hg2+ = the total future concentration of Hg2+ in saltwater of the MTP Bay 
NOECw-phytoplankton  = the NOEC of Hg2+ for  saltwater phytoplankton  
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Results 
The hazard quotients (HQs) generated by the deterministic risk assessments, i.e., 
the point-estimate HQs, are given in Table 4.16. The relationships between the HQs and 
the capacity of a prospective coal-fired power plant in the MTP study area are shown in 
Figure 4.25.  The HQs from the stochastic risk assessments are given in Table 4.17 and 
Figure 4.26. The HQs for phytoplankton in the MTP Bay for all scenarios are less than 1 
(mean values for stochastic HQs). When compared to the current risk, the HQs increased 
0.44%, 0.88%, and 1.32% after the operation of a 1,400 MW, 2,800 MW, and 4,200 MW 
coal-fired power plant, respectively, based on the deterministic risk assessments.  
 
 
 
Table 4.16     Deterministic risk parameters and hazard quotients for phytoplankton. 
 
Scenario 
 
 
EC 
(µg/L) 
 
NOEC 
(µg/L) 
 
HQ 
 
Current 
 
0.0468 
 
0.375 
 
0.1248 
Future1 (1,400 MW) : incremental 0.0002 0.375 0.0005 
Future2 (2,800 MW) : incremental 0.0004 0.375 0.0011 
Future3 (4,200 MW) : incremental 0.0006 0.375 0.0016 
Future1 (1,400 MW) : Total  0.0470 0.375 0.1253 
Future2 (2,800 MW) : Total 0.0472 0.375 0.1259 
Future3 (4,200 MW) : Total 0.0474 0.375 0.1264 
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 Figure 4.25    Relationship between hazard quotients (HQs) for phytoplankton in the  
MTP Bay and the capacity (MW) of a prospective coal-fired power plant. 
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Table 4.17     Stochastic risk parameters and hazard quotients for phytoplankton.     
 
 
Scenario 
 
 
EC 
(µg/L) 
GM+GSD 
lognormal 
distribution 
 
NOEC 
(µg/L) 
AM+ASD 
uniform 
distribution 
 
HQ 
 
GM+GSD 
lognormal 
distribution 
 
Current 
 
0.0461 
+ 33.4 
 
 
0.3747 
+ 0.07 
 
0.1248 
+ 33.7 
Future1 (1,400 MW) : incremental 0.0002 
+ 10.1 
 
0.3747 
+ 0.07 
0.0005 
+ 10.2 
Future2 (2,800 MW) : incremental 0.0004 
+ 10.4 
 
0.3747 
+ 0.07 
0.0012 
+ 10.6 
Future3 (4,200 MW) : incremental 0.0006 
+ 11.1 
 
0.3747 
+ 0.07 
0.0004 
+ 11.3 
 
Future1 (1,400 MW) : Total  0.0468 
+ 11.6 
 
0.3747 
+ 0.07 
0.1268 
+ 11.7 
Future2 (2,800 MW) : Total 0.0474 
+ 7.2 
 
0.3747 
+ 0.07 
0.1285 
+ 7.3 
Future3 (4,200 MW) : Total 0.0476 
+ 7.9 
 
0.3747 
+ 0.07 
0.1290 
+ 7.9 
 
Note:   EC = exposure concentration of Hg2+   
NOEC = no-observed effect concentration of Hg2+ 
 HQ = hazard quotient for marine phytoplankton  
  GM = geometric mean,  GSD = geometric standard deviation, 
AM = arithmetic mean,  ASD = arithmetic standard deviation. 
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Figure 4.26     Examples of input and output in the stochastic risk assessments for  
phytoplankton in the MTP Bay.  
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Prospective Mercury Risks to Marine Fish 
Introduction 
 Fish in the Gulf of Thailand are economically significant to the country. Thailand 
is one of the world leading exporters of fish and fishery products (FAO, 2002). Thus, the 
healthy and maintenance in numbers of fish are imperative to the society as well as to the 
food webs in the gulf. The MTP Bay, as a part of the Gulf of Thailand, is of concern to be 
the source of mercury intoxication to the fish especially the low trophic level fish and the 
juvenile ones.  As described in detail previously that mercury can be harmful to saltwater 
fish (e.g., Calabrese et al., 1975; Dawson et al., 1977; Sharp and Neff, 1980; Weis and 
Weis, 1983; Prakasam, 1989; Pandy et al., 1993; Berntssen et al., 2003); thus, the future 
risks posed by the potentially contaminated mercury to marine fish in the MTP Bay were 
assessed in this study section.   
Methodology 
1.) Assessment scenarios. The scenarios of risk assessment to marine fish were set 
the same as of the assessment for marine phytoplankton, i.e., seven scenarios of mercury 
contamination as described earlier. 
2.) Exposure pathway. The juvenile fish and fish at the lower trophic levels in the 
MTP Bay were considered to be exposed to mercury through passive uptake across gills 
from the water column (Jernelov, 1972; Futter, 1994; Gorski et al., 2003). The exposure 
pathway for this study is conceptually illustrated in Figure 4.24.  
3.) Assessment and measurement endpoints. The inhibition of growth in early-life 
stage saltwater fish was considered as an assessment endpoint for marine fish in the MTP 
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Bay. The NOEC for Hg2+ in saltwater fish was considered as a measurement endpoint. 
The NOEC (7 days) of 3.1 + 0.4 µg/L of Hg2+ in saltwater from the toxicity test with the 
seabass larvae Lates calcarifer in Thailand (Thongra-ar et al., 2003) was employed in the 
assessment in this study. This NOEC was selected because the conditions (i.e., salinity, 
temperature, and pH) of the test were close to that of the MTP coastal water. Moreover, 
the seabass is a sensitive species and appropriate for a toxicity test as recommended in 
the ASEAN (Association of South-East Asian Nations) protocol of marine water quality 
setting (Hutomo et al., 1995). MeHg is also a stressor to saltwater fish. The exposure to 
the 0.93 µg/L of MeHg for 13 days affected the growth of striped mullet Mugil cephalus 
(Weis and Weis 1978). However, as currently the NOEC for MeHg for saltwater juvenile 
fish is not available, the risk posed by this chemical was not assessed in this study.  
4.) Risk characterization method. The risk of Hg2+ to marine fish in the MTP Bay 
study area was assessed using a hazard quotient approach as well, i.e., in the same way as 
the risk assessment for phytoplankton. The exposure to the Hg2+ in each scenario and the 
selected NOEC were used to generate the HQ to characterize the mercury risk to fish in 
the study bay.  
5.) Stochastic risk assessment.  Stochastic risk assessments for marine fish were 
performed to account for uncertainties in the risk assessment parameters. The NOEC of  
3.1 + 0.4 µg/L (Thongra-ar et al., 2003) was considered as a lognormal distribution as 
suggested by U.S. EPA (2001).  The ECs were considered to be log-normally distributed 
as well. The HQ for each scenario was obtained from a 5,000-resamplings Monte Carlo 
simulation.  
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6.)   Summary of risk assessment models and parameters for marine fish. 
The assessed stressor:    Inorganic mercury (Hg2+) in saltwater 
The assessed receptor:   Saltwater fish  
The assessment endpoint:    Growth inhibition  
The measurement endpoint:   No observed effect concentration (NOEC) 
The toxicologically safe level:   No observed effect concentration (NOEC) 
Risk assessment model:   HQ  =   EC / NOEC 
Current risk assessment model:  HQcurrent =  Cw-current Hg2+ / NOECw-fish 
Incremental risk assessment model:   HQincremental = Cw-incremental Hg2+ / NOECw-fish 
Total future risk assessment model:   HQfuture =  Cw-future Hg2+ / NOECw-fish 
EC =  the exposure concentration of Hg2+ in saltwater = Cw_Hg2+ 
Cw_Hg2+  =  the concentration of Hg2+ in the MTP bay 
Cw-current Hg2+ =  the current concentration of Hg2+ in saltwater of the MTP Bay 
Cw-incremental Hg2+  =  the incremental concentration of Hg2+ in saltwater of the MTP Bay 
Cw-future Hg2+ = the total future concentration of Hg2+ in saltwater of the MTP Bay 
NOECw-fish  =  the NOEC of Hg2+ for saltwater juvenile fish  
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Results 
 The hazard quotients (HQs) from the deterministic risk assessments are given in 
Table 4.18. From these HQs, the relationships between the capacity of the proposed coal-
fired power plant and the prospective mercury risk were established (Figure 4.27). The 
incremental risk and the total future risk due to the expansion in capacity of this power 
plant can be approximated using the models derived from these relationships. The HQs 
from the stochastic risk assessments are given in Table 4.19 and Figure 4.28.  Based on 
the deterministic assessment, the HQs were increased from the background or the current 
risk 0.44%, 0.88%, and 1.32% after the operation of a 1,400 MW, 2,800 MW, and 4,200 
MW coal-fired power plant, respectively. 
 
 
Table 4.18    Deterministic risk parameters and hazard quotients for marine fish. 
 
  
 
EC 
 
NOEC 
 
HQ 
 Scenario (µg/L) (µg/L)   
 
Current 
 
0.0468 
 
3.1 
 
0.01510 
Future1 (1,400 MW) : incremental 0.0002 3.1 0.00007 
Future2 (2,800 MW) : incremental 0.0004 3.1 0.00013 
Future3 (4,200 MW) : incremental 0.0006 3.1 0.00020 
Future1 (1,400 MW) : Total 0.0470 3.1 0.01516 
Future2 (2,800 MW) : Total 0.0472 3.1 0.01523 
Future3 (4,200 MW) : Total 0.0474 3.1 0.01530  
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Mercury risk to marine fish: Incremental risk
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HQ = {(4.73x10-8)*(MW)}+1.65x10-8 
HQ = {(4.73x10-8)*(MW)}+ 0.0151 
 
  
Figure 4.27  Relationship between hazard quotients (HQs) for marine fish in the MTP  
Bay and the capacity (MW) of a prospective coal-fired power plant. 
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Table 4.19    Stochastic risk parameters and hazard quotients for fish.           
 
  
 
EC 
 
NOEC 
 
HQ 
 Scenario (µg/L) 
GM+GSD 
lognormal 
distribution 
(µg/L) 
GM+GSD 
lognormal 
distribution 
  
GM+GSD 
lognormal 
distribution
 
Current 
 
0.0461 
+ 33.4 
 
3.050 
+ 20.0 
 
 
0.01511 
+ 1.7 
Future 1 (1,400 MW) : incremental 0.0002 
+ 10.1 
 
3.050 
+ 20.0 
 
0.00006 
+ 41.6 
Future 2 (2,800 MW) : incremental 0.0004 
+ 31.5 
 
3.050 
+ 20.0 
 
0.00013 
+ 92.7 
Future 3 (4,200 MW) : incremental 0.0006 
+ 60.1 
 
3.050 
+ 20.0 
 
0.00018 
+66.0 
Future 1 (1,400 MW) : Total 0.0468 
+ 11.6 
 
3.050 
+ 20.0 
 
0.01535 
+ 49.3 
Future 2 (2,800 MW) : Total 0.0474 
+ 7.2 
 
3.050 
+ 20.0 
 
0.01557 
+ 35.7 
Future 3 (4,200 MW) : Total 0.0476 
+ 7.9 
 
3.050 
+ 20.0 
 
0.01561 
+ 37.8 
 
Note:   EC = exposure concentration of Hg2+   
NOEC = no-observed effect concentration of Hg2+ 
 HQ = hazard quotient for marine fish 
  GM = geometric mean,  GSD = geometric standard deviation, 
AM = arithmetic mean,  ASD = arithmetic standard deviation. 
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Figure 4.28     Examples of input and output in the stochastic risk assessments for  
marine fish in the MTP Bay.  
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Prospective Mercury Risks to Seagrasses 
Introduction 
Seagrass is a constructive species of a coastal ecosystem. Seagrass bed is known 
as the habitat, sanctuary, and nursery of copious marine species (Hemminga and Duarte, 
2000; UNEP, 2004a). Seagrass beds also play role in stabilizing soft sediments, reducing 
the erosion of the coast, providing oxygen to coastal waters and sediments, and sustaining 
biodiversity of the coastal ecosystem (UNEP, 2004a). Seagrass itself is a necessary food 
for several marine herbivore species such as dugong, green turtle, rabbitfish and wrasse 
(Castro and Huber, 2000; Hemminga and Duarte, 2000; Duarte, 2002; UNEP, 2004a). In 
this section, the survival of seagrass seed germination to mercury is emphasized since this 
contaminant can reduce growth of seagrasses (Clijsters and van Assche, 1985; Bonifacio 
and Montaño, 1998; Prasad and Strzalka, 1999; Macinnis-Ng and Ralph, 2002).   
Methodology 
1.) Assessment scenarios. The scenarios of risk assessment to seagrasses were set 
the same as of the assessment for marine phytoplankton, i.e., seven scenarios of mercury 
contamination. 
2.) Exposure pathway. In this assessment, the seagrass seeds were considered to 
be exposed to mercury via passive diffusion from water (Bonifacio and Montaño, 1998; 
Pergent-Martini, 1998; Macinnis-Ng and Ralph, 2002). Pathway of exposure to mercury 
in seagrass seeds for this study is conceptually illustrated in Figure 4.24.  
3.) Assessment and measurement endpoints.  The inhibition in germination of the 
seagrass seeds was considered as an assessment endpoint. The NOEC (10 days ) of 16.02 
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+ 2.36 mg/L of Hg2+ in seawater from the toxicity test with seeds of the tropical seagrass 
Enhalus acoroides (Bonifacio and Montaño, 1998) was used as a measurement endpoint.   
4.) Risk characterization method. The risk posed by Hg2+ to the supposed seagrass 
seeds was assessed using a hazard quotient method. The exposure to the Hg2+ in the MTP 
Bay water of seagrass seeds (EC) in each assessment scenario was divided and the NOEC 
mentioned above to obtain the HQ for the seagrass.  
5.) Stochastic risk assessment.  In stochastic risk assessments of mercury for the 
seagrasses, the NOEC of 16.02 + 2.36 mg/L of Hg2+ (Bonifacio and Montaño, 1998) and 
the ECs were considered as lognormal distributions (U.S. EPA, 2001). The HQ for each 
scenario was obtained from Monte Carlo simulations.  
6.) Summary of risk assessment models and parameters for seagrasses. 
The assessed stressor:         Inorganic mercury (Hg2+) in saltwater 
The assessed receptor:        Seagrass seeds 
The assessment endpoint:         Inhibition of seed germination  
The measurement endpoint:        No observed effect concentration (NOEC) 
The toxicologically safe level:        No observed effect concentration (NOEC) 
Risk assessment model:        HQ  =   EC / NOEC 
Current risk assessment model:       HQcurrent =  Cw-current Hg2+ / NOECw-seagrasses 
Incremental risk assessment model:        HQincremental = Cw-incremental Hg2+ / NOECw-seagrasses 
Total future risk assessment model:        HQfuture =  Cw-future Hg2+ / NOECw-seagrasses 
EC =  the exposure concentration of Hg2+  in saltwater  
NOECw-seagrasses  = the NOEC of Hg2+  in saltwater for seagrass seeds  
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Results 
The hazard quotients (HQs) from the deterministic risk assessments are presented 
in Table 4.20. From these HQs, the relationships between the capacity of the power plant 
and the prospective mercury risk were established and shown in Figure 4.29.  The HQs 
from the stochastic risk assessments are given in Table 4.21 and Figure 4.30. Based on 
the inhibition effects in seed germination of the Hg2+, risks to the seagrasses supposed to 
be in the MTP Bay were very low. The future HQs were increased from the background 
or the current risk 0.44%, 0.88%, and 1.32% after the operation of a 1,400 MW, 2,800 
MW, and 4,200 MW coal-fired power plant, respectively, based on deterministic HQs. 
 
 
Table 4.20       Deterministic risk parameters and hazard quotients for seagrasses. 
 
Scenario 
 
 
EC 
(µg/L) 
 
NOEC 
(µg/L) 
 
HQ 
 
Current 
 
0.0468 
 
16,020  
 
 
2.92E-06 
Future1 (1,400 MW) : incremental 0.0002 16,020 1.28E-08 
Future2 (2,800 MW) : incremental 0.0004 16,020 2.56E-08 
Future3 (4,200 MW) : incremental 0.0006 16,020 3.85E-08 
Future1 (1,400 MW) : Total  0.0470 16,020 2.93E-06 
Future2 (2,800 MW) : Total 0.0472 16,020 2.95E-06 
Future3 (4,200 MW) : Total 0.0474 16,020 2.96E-06 
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Figure 4.29   Relationship between hazard quotients (HQs) for the hypothetical  
seagrasses in the MTP Bay and the capacity (MW) of a prospective coal-
fired power plant. 
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Table 4.21      Stochastic risk parameters and hazard quotients for seagrasses  
Scen
 
EC 
(µg/L) 
G
                         
ario 
M+GSD 
NOEC 
G
lognormal  
distribution 
 
(µg/L) 
M+GSD 
 
HQ 
GM+
lognormal 
distribution 
 
 
GSD 
lognormal 
distribution 
 
urrent 
 
0.0468 C
+ 31.1 
 
 
16784 
+ 2710 
 
2.74E-6 
+ 5860 
Future 1 (1,400 MW) : incremental 0.0002 
+ 10.1 
 
16784 
+ 2710 
1.07E-8 
+ 3678 
Future 2 (2,800 MW) : incremental 0.0004 
+ 10.4 
 
16784 
+ 2710 
2.27E-8 
+ 5397 
Future 3 (4,200 MW) : incremental 0.0006 
+ 11.1 
 
16784 
+ 2710 
3.33E-8 
+ 7884 
Future 1 (1,400 MW) : Total  0.0468 
+ 11.6 
 
16784 
+ 2710 
2.78E-6 
+ 4061 
Future 2 (2,800 MW) : Total 0.0474 
+ 7.2 
 
16784 
+ 2710 
2.82E-6 
+ 3440 
Future 3 (4,200 MW) : Total 0.0476 
+ 7.9 
 
16784 
+ 2710 
2.83E-6 
+ 3610 
 
ote:   EC = exposure concentration of Hg2+   
tion of Hg2+ 
 
eometric standard deviation, 
N
NOEC = no-observed effect concentra  
HQ = hazard quotient for seagrasses  
  GM = geometric mean,  GSD = g
AM = arithmetic mean,  ASD = arithmetic standard deviation. 
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Figure 4.30     Examples of input and output in the stochastic risk assessments for  
the hypothetical seagrasses in the MTP Bay. 
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Prospective Mercury Risks to Dugongs 
Introduction 
The marine mammals Dugong dugon are the native species to Thailand and have 
been classified by law as critically endangered species (ONEP, 2006b). The toxic effects 
from mercury exposure in dugongs have never been published up till now, however, the 
neurological impairment due to methylmercury in dugongs has been considered in this 
study (Chapter 3). The objective of this study section was to assess risks from the future 
coal-fired mercury in the MTP Bay to the hypothetical dugongs. The safety from mercury 
toxicity in the bay, in the radius of the study area, will be used to support the restoration 
of dugong or the ‘dugongs return home’ plan. As described previously that dugongs used 
to live nearby the study area in the past over 50 years. Payun Beach is the location of the 
restoration (‘Payun’ is Thai word means dugong). This beach is far from the hypothetical 
coal-fired power plant approximately 9 km to 12 km to the west.    
Methodology 
1.) Assessment scenarios. The scenarios for risk assessment to the dugongs were 
established the same as of the assessment for marine phytoplankton, fish, or seagrasses, 
i.e., seven scenarios of mercury contamination. 
2.) Exposure pathway.  The dugongs were considered to be exposed to mercury 
through the consumption of seagrasses. Both leaves and rhizomes of the seagrasses were 
ingested by the dugongs. Mercury can be transported to the seagrass tissue via their roots 
from the sediments (Maserti et al., 1988). Root uptake by passive diffusion was the only 
exposure pathway considered in this assessment (Figure 4.24).  
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3.) Assessment and measurement endpoints. The neurological impairment in the 
dugongs was considered as an assessment endpoint for this study. A no observed adverse 
effect level (NOAEL) for MeHg from neurological effects was used as a measurement 
endpoint. The NOAEL and the ‘suggested’ toxicologically safe dose (SfD) for dugongs 
derived from such NOAEL (Chapter 4) were applied in risk model. The NOAEL used to 
derive SfD was 9.75 µg/kg/d and the ‘suggested SfD was 3.25 µg/kg/d.  
4.) Risk characterization method.  The risk posed by the MeHg to a hypothetical 
dugong in the MTP Bay was assessed using a hazard quotient method. The exposure dose 
of MeHg in a dugong (ED) was determined by the consumption rate (CR) of seagrasses 
of a dugong and the concentration of MeHg in the ingested seagrasses (Csg). Mercury risk 
to a dugong was characterized by the HQ resulting from the ED divided by the SfD.  Risk 
assessment of methylmercury for a dugong can be worked on STELLA® (Figure 4.31) 
and the input parameters for the model are given in Table 4.22.  
5.) Summary of risk assessment models and parameters for dugongs. 
The assessed stressor:          Methylmercury (MeHg)  
The assessed receptor:         Dugong (Dugong dugon) 
The assessment endpoint:          Neurological impairment  
The measurement endpoint:         No observed adverse effect level (NOAEL) 
The toxicologically safe level:         Safe dose (SfD) for MeHg in a dugong  
Risk assessment model:         HQ  =   ED / SfD 
Current risk assessment model:        HQcurrent =  EDcurrent MeHg / SfDdugong 
Incremental risk assessment model:         HQincremental = EDincremental MeHg / SfDdugong 
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Total future risk assessment model:         HQfuture =  EDfuture MeHg / SfDdugong 
Exposure model:     EDMeHg = Cseagrass MeHg  * CRseagrass  
EDcurrent MeHg  =  the current exposure dose of methylmercury in a dugong  
EDincremental MeHg  =  the incremental exposure dose of methylmercury in a dugong 
EDfuture MeHg =  the future exposure dose of methylmercury in a dugong 
SfDdugong  = the safe dose for methylmercury in a dugong  
CRseagrass = the seagrass consumption rate of a dugong 
Cseagrass MeHg = the concentration of methylmercury in the ingested seagrasses 
 
 
 
 
HQ
ED SfD
MeHg MeHg
ug kg d ug kg d
CRsg dw
Csd g kg d
HgT dw
CRsg ww
g kg df MeHgCsg
Bsg sg dwMeHg dw
HgT dw
f 
dw ww
 sg
 
 
Figure 4.31     A STELLA® model of risk assessment for a dugong. 
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 Table 4.22     Parameters for dugong STELLA® risk model: 
 
 
Parameter 
 
 
unit 
 
Value  
 
Concentration of total mercury 
in sediment, dry weight basis 
 
Csd HgT 
dw 
 
ug/g 
 
 
Table 4.14 
 
Bioaccumulation of total 
mercury in seagrass, dry weight   
 
Bsg HgT 
dw 
 
 
g sd/ 
g sg 
 
0.725 
(derived from the work of  
Haynes, 2001) 
 
 
Fraction of methylmercury in 
total mercury in seagrass     
 
fMeHg  
sg dw 
 
- 
 
0.065 
(Morisson & Weber, 1997) 
 
Fraction of wet weight/dry 
weight in seagrass 
 
fdw/ww  
sg  
 
- 
 
0.11 – 0.12 
(Morisson & Weber, 1997) 
 
Consumption rate seagrasses of 
a dugong, wet weight basis 
 
 
CRsg ww
 
%/kg
BW/d 
 
8% - 10% 
(UNEP, 2005a) 
 
 
Results 
The hazard quotients (HQs) from the deterministic risk assessments are presented 
in Table 4.23. From these HQs, the relationships between the capacity of the power plant 
and the prospective mercury risk were established and shown in Figure 4.32.  The future 
HQs were increased from the background or the current risk 1.75E-07%, 3.75E-07%, and 
5.50E-07% after the operation of a 1,400 MW, 2,800 MW, and 4,200 MW coal-fired 
power plant, respectively, based on the deterministic HQs. 
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Although mercury risk to a dugong in this study is relatively low, the assessment 
was conducted based on only one route of exposure. A dugong can also be exposed to the 
MeHg dissolved in water it swims. In addition, the MeHg in the ingested seagrasses can 
be larger than the estimate in this study since in the polluted water of mercury, mercury 
can be taken up through the seagrass’ leaves as well (Pergent-Martini (1998). Besides, 
the predicted MeHg in the sediments was relatively low. Further site-specific study for 
the concentration of MeHg in the sediments can also improve the estimated risk.  
 
 
 
Table 4.23       Deterministic risk parameters and hazard quotients for dugongs. 
 
Scenario 
 
 
EDMeHg 
(µg/kgBW/d) 
 
SfDMeHg 
(µg/kgBW/d) 
 
HQ 
 
Current 
 
0.02036 
 
3.25 
 
0.006264 
Future1 (1,400 MW) : incremental 3.75E-11 3.25 1.15E-11 
Future2 (2,800 MW) : incremental 7.48E-11 3.25 2.30E-11 
Future3 (4,200 MW) : incremental 1.12E-10 3.25 3.46E-11 
Future1 (1,400 MW) : Total  0.02036 3.25 0.006264 
Future2 (2,800 MW) : Total 0.02036 3.25 0.006264 
Future3 (4,200 MW) : Total 0.02036 3.25 0.006264 
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Mercury risk to dugongs: Incremental risk
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Figure 4.32   Relationship between hazard quotients (HQs) for a hypothetical dugong 
in the MTP Bay and the capacity (MW) of a prospective coal-fired power 
plant. 
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Prospective Mercury Risks to Thai Humans 
Introduction 
 Methylercury, MeHg, has been known as a toxic chemical to the brain of a human 
for a long time (NRC, 2000; ATSDR, 1999; U.S. EPA, 1997). Ingestion of fish and 
shellfish contaminated with MeHg in the Minamata Bay, Japan caused illness to central 
nervous systems of humans in the area (Curly et al, 1971). Thai human populations are of 
concern in this study because of their high rate in seafood consumption. The average rate 
roughly estimated from national-level records of seafood consumption and numbers of 
populations revealed that Thai people consume seafood with a rate 34.72 kg/person/year 
or 95.12 g/person/day. The seafood includes fish 71%, shrimps 8%, crabs 2%, squids 6%, 
mollusks 11%, and jellyfish 0.85% (Appendix D). The objective of this study section was 
to assess risk posed by the prospective MeHg to Thai males and females of age 1 to 100 
years to neurotoxicity effect of MeHg contaminated in the ingested seafood.  
Methodology 
1.) Assessment scenarios. Scenarios for the assessments of mercury risk to Thai 
males and females were set the same as of the assessment for marine phytoplankton and 
other receptors, i.e., seven scenarios of mercury contamination as described earlier. 
2.) Exposure pathway. In this study, Thai males and females were considered to 
be exposed to MeHg through consumption of seafood only (Figure 4.24). The seafood 
includes fish, shrimp, crab, squid, mollusc, and jellyfish in Thai marine waters. 
3.) Assessment and measurement endpoints. The assessment endpoint considered 
in this study was the neurological impairment from MeHg to humans. Neurotoxicity was 
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considered in adult humans. In young humans, 1 to 10 years old, the neurodevelopmental 
effect was considered. An NOAEL was used as a measurement endpoint. The SfDs from 
‘base estimate’ and ‘suggested’ extrapolations for MeHg (Chapter 3) to adverse effects of 
concern were applied in the risk assessments.  
4.) Risk characterization method. Risk posed by MeHg to a human was assessed 
using a hazard quotient method. An exposure dose (ED) of MeHg was determined from a 
consumption rate of the seafood and the concentration of MeHg in the consumed seafood 
(Csf). MeHg risk to a human was characterized by a HQ, i.e., the ED divided by the SfD.  
The assessment can also be done in STELLA® model (Figure 4.33).  Parameters used in 
the assessment model are given in Table 4.24.  
The accumulations of methylmercury in seafood species, i.e., fish, mollusc, crab, 
shrimp, squid, and jellyfish, were considered occurring through passive diffusion process 
of MeHg from water. The accumulation factor for each kind of seafood was derived from 
the concentrations of MeHg in organism and in Thai marine water currently reported. 
Fish are considered as fish in the trophic level 2, level 3, and level 4 using the records 
from the Department of Fishery of Thailand. 
5.) Summary of risk assessment models and parameters for Thai humans. 
The assessed stressor:          Methylmercury (MeHg)  
The assessed receptor:         Thai males and females age 1–100 years old 
The assessment endpoint:          Neurological impairment  
The measurement endpoint:         No observed adverse effect level (NOAEL) 
The toxicologically safe level:         Safe dose (SfD) for MeHg   
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Risk assessment model:         HQ  =   ED / SfD 
Current risk assessment model:        HQcurrent =  EDcurrent MeHg / SfDhuman 
Incremental risk assessment model:         HQincremental = EDincremental MeHg / SfDhuman 
Total future risk assessment model:         HQfuture =  EDfuture MeHg / SfDhuman 
Exposure model:     EDMeHg = Cseafood MeHg  * CRseafood  
Seafood:     Fish + Shrimp + Crab + Squid + Mollusc +  
Jellyfish   
 
EDcurrent MeHg  =  the current exposure dose of methylmercury  in a human 
EDincremental MeHg  =  the incremental exposure dose of methylmercury in a human  
EDfuture MeHg =  the future exposure dose of methylmercury in a human 
HQ = the hazard quotient  
SfDhuman  = the safe dose for methylmercury in a human; male, female 
CRseafood = the seafood consumption rate of a human 
Cseafood MeHg = the concentration of methylmercury in seafood 
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CR fish
f TL4f TL2 f TL3
CR fishTL3 CR fishTL4CR fishTL2
C fishTL2 C fishTL3 C fishTL4
ED fishTL2 ED fishTL3 ED fishTL4
Cw
B TL2 B TL3
B TL4
ED fish
CR mollusc
C mollusc B mollusc
ED mollusc
C shrimp B shrimp
C squid B squid
CR shrimp ED shrimp
CR squid ED squid
C Jellyfish B jellyfish
CR jellyfish ED jellyfish
C crab B crab CR crab ED crab
ED seafood
SfD
HQ
 
 
 
 
 
Figure 4 33     A STELLA® model for risk assessment for a human. 
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Table 4.24     Parameters for human STELLA® risk model. 
 
 
Parameter 
 
 
unit 
 
Value  
 
Concentration of methylmercury 
in water in the future 
 
Cw  
 
ug/L 
 
 
Table 4.14 
 
Bioaccumulation factor of 
methylmercury in fish trophic 
level 2, 3, 4     
 
 
B TL2 
B TL3 
B TL4 
 
L/g 
L/g 
L/g 
 
 4.74 
16.12 
18.23 
(site-specific derivation, this study) 
 
Bioaccumulation factor of 
methylmercury in mollusc 
 
Bmollusc 
 
L/g 
 
2.30 
(site-specific derivation, this study) 
 
Bioaccumulation factor of 
methylmercury in shrimp 
 
Bshrimp 
 
L/g 
 
1.68 
(site-specific derivation, this study) 
 
Bioaccumulation factor of 
methylmercury in squid 
 
Bsquid 
 
L/g 
 
2.61 
(site-specific derivation, this study) 
 
Bioaccumulation factor of 
methylmercury in crab 
 
Bcrab 
 
L/g 
 
1.82 
(site-specific derivation, this study) 
 
Bioaccumulation factor of 
methylmercury in jellyfish 
 
Bjellyfish 
 
L/g 
 
1.82 
(consider equals to Bcrab, this study) 
 
Fraction of fish trophic level 2, 3, 
and 4 in fish consumed 
 
fTL2  
fTL3  
fTL4  
 
- 
- 
- 
 
0.2673 
0.4256 
0.0371 
(analyzed from 11-yrs records) 
 
Consumption rate of seafood 
species 
 
 
CR 
 
g/d 
 
Appendix D4 
 
Safe dose for methylmercury 
 
SfD 
 
 
mg/kg/d
 
Appendix A3, B3 
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Results  
  The hazard quotients for MeHg risk from seafood consumption to Thai males and 
females from deterministic risk assessments are presented in Figure 4.34 and 4.35.  HQs 
for Thai females are higher than that for Thai males (Figure 4.34) in every scenario of the 
assessment, and the HQs in young humans are higher than the HQs for the adults. This is 
because in young populations the SfDs for neurodevelopmental effect, which are lower 
than the SfD for neurotoxicity, were applied instead. The HQs for the current and future 
risks are not significantly different in each type of human populations (Figure 4.35). Note 
that MeHg concentrations in the MTP Bay water were approximated to be increased from 
the background 0.74%, 1.49%, and 2.23%, for a 1400, 2800, and 4200 MW, respectively.   
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        Figure 4.34    The comparisons of the hazard quotients between for Thai males and  
      for Thai females.  
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 Figure 4.35     The comparison of the hazard quotients between for the current and for the  
future contaminations. 
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Prospective Mercury Risk to the MTP Bay 
 
 MTP Bay is a part of the MTP region. Based on the HQs for the phytoplankton 
and fish in the bay, the mercury risk to the bay can be approximated. The hazard index 
for an ecosystem of a region (HIe) was particularly established in this study to indicate 
mercury risk to the study MTP Bay. HIe is the sum of the HQs for the phytoplankton and 
fish for the current risk and the sum of phytoplankton, fish, hypothetical seagrasses, and 
hypothetical dugongs for the future risk. Tables 4.25 through 4.27 present the incremental 
and total future risks to the MTP Bay due to the 1,400, 2,800, and 4,200 MW coal-fired 
power plant, respectively. 
 
 
Table 4.25     Prospective mercury risk to the MTP Bay due to a 1,400 MW power plant. 
 
Incremental risk 
 
Total future risk 
 
 
Receptor 
 
 
 
Stressor 
 
 
Endpoint 
 
HQ 
 
 
HIe 
 
HQ 
 
 
HIe 
 
Phytoplankton 
 
 
Hg2+ 
 
Mortality 
 
0.0005 
 
0.1253  
 
Marine fish 
 
 
Hg2+ 
 
Growth 
Inhibition 
 
0.00007 
 
0.01516  
 
 
Seagrasses 
  
 
 
Hg2+ 
  
Seed 
germination 
inhibition 
 
 
 
   1.3x10-8 
 
 
  2.9x10-6 
   
 
 
Dugongs 
 
 
MeHg 
 
Neurological 
impairment 
 
 
1.1x10-11 
 
 
 
 
 
 
 
 
 
0.0006 
 
 
 
 
    
 
 
 
0.0063  
 
 
 
 
 
 
 
 
0.15 
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Table 4.26     Prospective mercury risk to the MTP Bay due to a 2,800 MW power plant. 
 
Incremental risk 
 
Total future risk 
 
 
Receptor 
 
 
 
Stressor 
 
 
Endpoint 
 
HQ 
 
HIe 
 
HQ 
 
 
HIe 
 
Phytoplankton 
 
 
Hg2+ 
 
Mortality 
 
0.0011 
 
0.1259  
 
Marine fish 
 
 
Hg2+ 
 
Growth 
Inhibition 
 
0.00013 
 
0.01523  
 
Seagrasses  
 
 
Hg2+ 
  
Seed 
germination 
inhibition 
 
   
 2.6x10-8 
 
 
  2.9x10-6 
 
 
Dugongs 
 
MeHg 
 
Neurological 
impairment 
 
2.3x10-11 
 
 
 
 
 
 
 
 
0.001 
 
 
    
 
 
 
0.0063 
 
 
 
 
 
 
 
0.15 
 
 
Table 4.27     Prospective mercury risk to the MTP Bay due to a 4,200 MW power plant. 
 
Incremental risk 
 
Total future risk 
 
 
Receptor 
 
 
 
Stressor 
 
 
Endpoint 
 
HQ 
 
 
HIe 
 
HQ 
 
 
HIe 
 
Phytoplankton 
 
 
Hg2+ 
 
Mortality 
 
0.0016 
 
0.1264  
 
Marine fish 
 
 
Hg2+ 
 
Growth 
Inhibition 
 
0.0002 
 
0.0153  
 
Seagrasses 
  
 
 
Hg2+ 
  
Seed 
germination 
inhibition 
 
   3.8x10-8 
 
 
  3x10-6  
 
 
Dugongs 
 
 
MeHg 
 
Neurological 
impairment 
 
3.5x10-11 
 
 
 
 
 
 
 
 
0.002 
 
   
 
 
 
0.0063  
 
 
 
 
 
 
 
 
0.15 
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Possibility of ‘Dugongs Return Home’ 
Based on the mercury risks to the germination of the seagrass seeds supposed to 
be in the MTP Bay and the mercury risks to the possibly upcoming dugongs posed by the 
contaminated methylmercury in their consumed seagrasses (Table 4.25 through 4.27), the 
seagrasses possibly be able to grow in the bay and the dugongs were predicted unlikely to 
be at risk from such contaminant. Thus, this study supports the ‘dugongs return home’ 
plan. However, further studies on the approximation of mercury speciation in the bay and 
other compartments by using more site-specific data are needed to improve the estimation 
of the prospective contaminations and then the risks. The planned site is located nearby 
the coal-fired power plant around 9 to 12 km to the west of plant or by the Phayun Beach 
(Figure 4.36).  
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The MTP Industrial Estate 
Site for
dugongs
Figure 4.36   The location planned for dugongs restoration. 
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        Location of a power plant  
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Conclusions 
 The objectives of the overall study of a prospective risk assessment in this chapter 
were to answer questions concerning (i) risk posed by mercury to the MTP region once a 
hypothetical prospective coal-fired power plant has operated and (ii) the possibility of the 
restoration of dugongs in the MTP Bay nearby the proposed power plant called herein the 
‘dugong return home’ plan. In this study, only the coastal aquatic ecosystem of the region 
was focused on. An approach designed for regional prospective risk assessment was used 
to approximating risk from the prospective mercury to the MTP Bay. The spatial scope of 
risk assessment was the aquatic system of the MTP Bay within the radius of 10 km from 
a considered coal-fired power plant of capacity of 1,400 MW and its expansions to 2,800 
and to 4,200 MW.  
Five species have been considered as the receptors of concern of the MTP region: 
the saltwater phytoplankton, saltwater fish, seagrasses, dugongs, and humans in the area. 
Risk assessment was conducted for each species corresponding to the scenarios specially 
set in this study: current, incremental 1, incremental 2, incremental 3, total future 1, total 
future 2, and total future 3 (1, 2, and 3 is for 1,400, 2,800, and 4,200 MW, respectively). 
The current risk assessments employed the average contamination of mercury in the MTP 
Bay studied by government agencies in Thailand.   
The prospective risk assessment consisted of (i) an assessment of mercury and its 
speciation released from a coal-fired power plant, (ii) the transport of coal-fired mercury 
in the MTP atmosphere, (iii) the fate and transport of mercury in the MTP Bay within 10 
km from a study power plant, and (iv) characterization of risk for each species. Results 
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from each step of risk assessment are concluded in Table 4.28. Risks were assessed both 
in point-estimate forms, yielded from deterministic models, and in distribution forms, i.e., 
produced from stochastic models. Although the risk assessment conducted in this study is 
a screening level evaluation; uncertainties of risk model parameters were considered.  
Risks posed by mercury to four ecological species of concern in the MTP Bay: the 
saltwater phytoplankton, marine fish, seagrasses, and dugongs were used to indicate the 
mercury risk to the MTP Bay in terms of an ecosystem hazard index or HIe.  The HIe is 
obtained from the summation of the hazard quotients or HQ of the four species. The HIe 
for the study MTP Bay from the prospective contamination of mercury was less than one 
indicating mercury risk is unlikely to be at risk. This HIe index could also be used in the 
considerations for the sustainable development strategy. 
The answer to the area question was that the MTP Bay, one ecosystem of the 
MTP region, is unlikely to be at risk from mercury once a prospective coal-fired power 
plant of 1,400, 2,800, or 4,200 MW has been installed, but risk will be increased from the 
existing one. Also, the dugong plan can be implemented, based on mercury risks to the 
dugongs and the seagrasses. The HQs for both species are less than 1, indicating mercury 
risks are unlikely to cause the dugongs suffer from the neurological impairment or inhibit 
the germination of the seagrasses. However, the stochastic risk analysis demonstrated that 
the uncertainties associated with HQ calculation were large, and there is a non-negligible 
chance that the true HQ could be above 1 for each of the endpoints considered.  Further 
research aimed at reducing this uncertainty, particularly by improving the environmental 
fate and exposure assessment, would be warranted. 
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Table 4.28 Main parameters of a prospective risk assessment model. 
 
Parameter 
 
unit 
 
Current 
 
Future 
(4,200 MW) 
 
Hg in coal 
 
ppm 
 
 
 
0.0649 
 
Release of Hgo mg/s  4.0917 
Release of Hg2+ mg/s  0.7219 
Release of HgP mg/s  1.4 x10-4 
Release of HgT mg/s  4.8137 
Conc of Hg2+ in ambient air ng/m3  0.0158 
Conc of Hg0 in ambient air ng/m3  0.0899 
Depositoion of Hg2+ ug/m2/y  148.57 
Conc of Hg2+ in water ug/L 0.04680 0.04742 
Conc of MeHg in water ug/L 0.00520 0.00532 
Conc of HgT in water ug/L 0.05200 0.05273 
Conc of Hg2+ in sediment ug/g dw 0.03960 0.03960 
Conc of MeHg in sediment ug/g dw 0.00040 0.00040 
Conc of HgT in sediment ug/g dw 0.04000 0.04000 
Conc of MeHg in TL2 fish ug/g ww 0.02467 0.0252 
Conc of MeHg in TL3 fish ug/g ww 0.08384 0.0857 
Conc of MeHg in TL4 fish ug/g ww 0.09481 0.0969 
Conc of MeHg in molluscs ug/g ww 0.01197 0.0122 
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Table 4.28 Main parameters of a prospective risk assessment model (Continued). 
 
Parameter 
 
unit 
 
Current 
 
Future 
(4,200 MW) 
 
Conc of MeHg in shrimp 
 
ug/g ww 
 
0.00867 
 
0.0089 
Conc of MeHg in squid ug/g ww 0.01334 0.0139 
Conc of MeHg in jellyfish ug/g ww 0.00938 0.0097 
Conc of MeHg in crabs ug/g ww 0.00938 0.0097 
Exposure doses of MeHg 
via seafood consumptions  
in Thai male populations 
 
ug/d 1.05 to 6.3 1.07 to 6.5 
Exposure doses of MeHg 
via seafood consumptions  
in Thai female populations 
ug/d 1.01 to 8.0 1.03 to 8.2 
 
NOAEL for MeHg for  
Thai male populations 
 
ug/d 
 
37.57   to   197.86 
 
NOAEL for MeHg for  
Thai female populations 
 
ug/d 
 
36.21   to   185.82 
 
Suggested SfD for MeHg for 
Thai male populations 
 
ug/d 
 
12.52   to   65.95 
 
Suggested SfD for MeHg for 
Thai female populations 
 
 
ug/d 
 
12.10  to   61.94 
   
Note:     Concentrations in air, water, and sediment and the deposition in this Table are  
              the maximum concentrations and deposition in the study area. 
 
 
 
 
 
  216
CHAPTER FIVE 
CONCLUSIONS 
The two mentioned problems specified in Chapter 1: (i) a regional risk posed by a 
large or long-term released prospective anthropogenic source of a toxic chemical(s) and 
(ii) some difficulties found in practices in prospective risk assessment have been worked 
out through the approach designed in this study. Using a framework which the risks from 
a prospective source to species of the region can be observed separately from the existing 
or the background risks, formulating a priori considerations regarding the methods and 
data used to identify uncertainties, and utilizing physiologically based pharmacokinetic 
modeling to reduce the uncertainty factor(s) applied to a toxicologically safe dose used in 
risk assessment are components of the designed approach mentioned above. 
The derivations of toxicologically safe doses for methylmercury for dugongs and 
Thai humans by using physiologically based pharmacokinetic (PBPK) modeling were 
carried out as a case study to demonstrate the use of PBPK models in the risk assessment. 
The toxicological safe dose for methylmercury for dugongs has not been available before. 
The NOAEL from the toxicity test in rats was used to extrapolate from the external safe 
dose, i.e., the NOAEL, to the internal safe dose for a rat. The at-brain NOAEL of a rat 
was assumed to be equal to the at-brain NOAEL of a dugong. The internal NOAEL in a 
dugong was then back calculated to the external NOAEL or the oral dose. Same 
procedure was done for the NOAELs for Thai human males and females. The suggested 
safe dose is proposed based on the ‘base estimate’ NOAEL and the uncertainty factor 3.  
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The assessment of mercury risks from a prospective hypothetical coal-fired power 
plant to the MTP region has been performed. The coal-fired power plant was assumed to 
have three scenarios of generation capacity: 1400, 2800 and 4200 megawatts. The study 
power plant is located at the coastal area of the upper part of the Gulf of Thailand called 
the Map Ta Phut or the MTP area. The study area is the MTP Bay, one ecosystem of the 
MTP region, far from the power plant in the radius of 10 kilometers. The study species of 
the bay were the phytoplankton, juvenile fish, seagrasses and dugongs. Humans were also 
considered. Specifically, the mercury risks to the phytoplankton, fish and seagrass seeds 
were based on the risks posed by inorganic mercury. The mercury risk to the dugongs and 
Thai humans were based on the risks from methylmercury contaminated in the ingested 
seagrasses and seafood, respectively.  
 Objectives of the assessment were to answer two research questions: (1) Will the 
MTP coastal area be at risk due to mercury toxicity after the operation of the prospective 
hypothetical coal-fired power plant of three scenarios of capacity? (2) Would toxicity of 
mercury from a power plant prevent restoration of the MTP bay near the Phayun Beach 
as a habitat for the dugongs?  The current concentrations of mercury, as total mercury or 
HgT, in the MTP Bay were 0.052 + 0.037 µg/L in water and 0.040 + 0.055 µg/g in the 
sediments. From the assessment, the exposure to the current contaminated mercury in the 
study bay did not cause the phytoplankton and the juvenile fish likely to be at risk from 
toxicity of inorganic mercury. Risks from methylmercury to Thai humans from seafood 
consumptions were assessed and the results indicated that the current contamination of 
methylmercury in seafood did not put the humans at risk of neurological effects. 
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 The future risk assessment was processed based on the concentration of mercury 
contaminated in coal. In this study, the average concentration of mercury in coal, 0.0649 
ppm or mg/kgcoal, was used in the approximation of mercury release from the coal-fired 
power plant. Based on the specification of a typical coal-fired power plant and operation 
conditions specified here, the gaseous elemental mercury (Hg0), Hg2+ and the particulate 
mercury (HgP) were estimated to be released, from a 4,200 MW plant, as 4.09, 0.72, and 
0.0001 mg/s, respectively. These mercury speciations will transport in the ambient air of 
the MTP atmosphere. The atmospheric transport of mercury was approximated by using 
the sector-averaged Gaussian plume model. The data for the MTP atmosphere from two 
meteorological stations nearby the power plant were applied. The maximum estimated 
concentrations of Hg2+ prior to deposition are 0.005, 0.011, and 0.016 ng/m3 for a power 
plant of 1,400, 2,800, and 4,200 MW, respectively, far from the plant 3 kilometers in the 
north-northeast (NNE, or 30° clockwise). At this spot, the depositions of Hg2+ were 
approximated 49.6, 99.0, and 148.6 µg/m2/y for a power plant of 1,400, 2,800, and 4,200 
MW, respectively. This spot (3 km-NNE) is located in the MTP Bay.  
The concentrations of Hg2+, MeHg, and HgT in the waters and sediments of the 
MTP Bay in the radius of 10 kilometers from the study power plant were assessed. The 
assessment considered the atmospheric deposited Hg2+as the merely input of mercury to 
the bay. Hg2+ undergoes methylation in the water column and in the sediments causing 
MeHg in such media and at the same time it also can undergo reduction producing the 
dissolved Hg0 as well. A model to approximate the concentrations in aquatic system was 
developed based on mass balance principle by considering the effects of methylation of 
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Hg2+ and of MeHg, demethylation of MeHg, reduction of Hg2+, adsorption, desorption, 
sedimentation and resuspension of Hg2+ and MeHg. Concentrations of Hg2+ at the highest 
deposition spot were found 0.0470, 0.0472, 0.0474 µg/L in water and 0.0396, 0.0396, and 
0.0396 µg/g in the sediments of the bay, from a power plant of 1,400, 2,800, and 4,200 
MW, respectively.  Concentrations of MeHg at the highest deposition spot were found 
5.24, 5.28, and 5.32 ng/L in water and 0.4, 0.4, and 0.4 ng/g in the sediments of the bay, 
from a power plant of 1,400, 2,800, and 4,200 MW, respectively.   
Risk posed by the future Hg2+ in the MTP Bay to the phytoplankton, young fish, 
and seagrasses in the MTP Bay were assessed and the HQ indicates these species will not 
be at risk. The future MeHg to be contaminated in seagrasses and seafood will not cause 
the dugongs and Thai humans to be at risk due to the neurological effect. The regional 
risk to the MTP region can not be concluded in this study because only one ecosystem of 
the MTP area was studied. Mercury risk to the MTP coastal ecosystem assessed in this 
study indicated that the MTP Bay is unlikely to be at risk from mercury toxicity.  
The assessment indicated that the seagrass seeds will likely be safe from mercury 
toxicity on their germination, therefore, the implantation of seagrasses near the ‘Phayun 
Beach’ located about 9 to 12 km from the power plant to the west-northwest toward the 
west in possible. Subsequently, the restoration of dugongs to this location is ecologically 
possible. Plus, the exposures to MeHg via the ingested seagrasses in the future dugongs 
will not likely cause the neurological impairment effects to them.  
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Appendix A1 
 
PBPK Parameters for Thai Male Populations (1) 
 
 
 
Age BW Bht BSA Q Q_brain Q_liver Q_kidney Q_Rest V_brain V_liver V_kidney V_Rest 
 (kg) (cm.) (m2) (L/h) (L/h) (L/h) (L/h) (L/h) (L) (L) (L) (L) 
             
1 10.19 78.89 0.4725 123.53 32.210 9.625 17.712 63.986 0.9450 0.3782 0.0690 7.1810 
2 12.54 88.68 0.5558 136.61 40.594 11.432 20.668 63.912 1.0337 0.4290 0.0800 9.0206 
3 14.35 96.38 0.6198 146.16 48.455 13.072 22.593 62.042 1.1192 0.4694 0.0875 10.3905 
4 15.66 101.69 0.6651 152.69 54.045 14.326 23.499 60.822 1.1821 0.4931 0.0910 11.3646 
5 16.82 107.75 0.7095 158.94 49.870 14.639 22.757 71.672 1.0667 0.4839 0.0881 12.4267 
6 19.27 114.05 0.7813 168.73 57.311 16.358 24.176 70.883 1.2276 0.5201 0.0936 14.2382 
7 21.90 120.01 0.8544 178.35 52.874 19.096 26.398 79.980 1.1542 0.5562 0.1022 16.4707 
8 23.78 124.13 0.9055 184.88 47.898 22.393 27.494 87.099 1.0788 0.6017 0.1064 18.0607 
9 27.12 130.08 0.9899 195.39 50.841 27.312 30.689 86.546 1.1911 0.6812 0.1188 20.6486 
10 28.54 133.86 1.0302 200.27 47.619 31.893 32.296 88.467 1.1653 0.6954 0.1250 21.8784 
11 33.08 139.41 1.1318 212.31 47.812 37.882 37.433 89.182 1.2229 0.7999 0.1449 25.5147 
12 38.39 145.74 1.2467 225.42 50.176 45.004 43.442 86.797 1.3381 0.9211 0.1682 29.7198 
13 43.49 153.45 1.3615 238.08 49.773 52.137 49.213 86.958 1.3769 1.0353 0.1905 33.8238 
14 45.20 158.52 1.4108 243.38 42.552 55.801 47.813 97.219 1.2129 1.0760 0.1851 35.3625 
15 52.08 159.52 1.5191 254.81 44.484 63.862 55.090 91.373 1.2970 1.2300 0.2133 40.8429 
16 53.27 165.49 1.5649 259.54 43.385 64.803 56.349 95.003 1.2855 1.2481 0.2182 41.7468 
17 58.94 165.88 1.6480 268.00 47.057 71.700 62.347 86.898 1.4109 1.3810 0.2414 46.0616 
18 59.90 169.06 1.6772 270.94 46.137 72.868 63.362 88.570 1.4166 1.4035 0.2453 46.6236 
19 59.78 168.21 1.6713 270.35 46.045 72.722 63.235 88.344 1.4137 1.4007 0.2448 46.4988 
20 59.67 167.36 1.6655 269.77 45.960 72.588 63.119 88.101 1.4111 1.3981 0.2444 46.4372 
21 59.55 166.51 1.6596 269.17 45.868 72.442 62.992 87.873 1.4083 1.3953 0.2439 46.3438 
22 59.44 165.66 1.6539 268.59 45.783 72.308 62.876 87.627 1.4057 1.3927 0.2434 46.2840 
23 59.69 165.73 1.6577 268.98 45.975 72.613 63.140 87.249 1.4116 1.3985 0.2444 46.4787 
24 59.93 165.79 1.6613 269.34 46.160 72.905 63.394 86.886 1.4173 1.4042 0.2454 46.6916 
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Age BW Bht BSA Q Q_brain Q_liver Q_kidney Q_Rest V_brain V_liver V_kidney V_Rest 
 (kg) (cm.) (m2) (L/h) (L/h) (L/h) (L/h) (L/h) (L) (L) (L) (L) 
             
26 60.42 165.92 1.6688 270.09 46.538 73.501 63.912 86.141 1.4289 1.4157 0.2474 47.0997 
27 60.67 165.99 1.6725 270.47 46.730 73.805 64.177 85.760 1.4348 1.4215 0.2485 47.3209 
28 60.80 165.75 1.6731 270.53 46.830 73.963 64.314 85.423 1.4378 1.4246 0.2490 47.4488 
29 60.93 165.51 1.6737 270.59 46.931 74.121 64.452 85.086 1.4409 1.4276 0.2495 47.5502 
30 61.06 165.28 1.6743 270.65 47.031 74.279 64.589 84.748 1.4440 1.4306 0.2501 47.6782 
31 61.19 165.04 1.6749 270.70 47.131 74.437 64.727 84.410 1.4471 1.4337 0.2506 47.7797 
32 61.32 164.80 1.6754 270.76 47.231 74.595 64.864 84.071 1.4501 1.4367 0.2511 47.8812 
33 61.31 164.71 1.6748 270.70 47.223 74.583 64.854 84.042 1.4499 1.4365 0.2511 47.8734 
34 61.30 164.62 1.6742 270.64 47.215 74.571 64.843 84.013 1.4497 1.4363 0.2510 47.8656 
35 61.29 164.53 1.6737 270.58 47.208 74.559 64.833 83.984 1.4494 1.4360 0.2510 47.8578 
36 61.25 164.44 1.6727 270.48 47.177 74.510 64.790 84.005 1.4485 1.4351 0.2508 47.8266 
37 61.27 164.35 1.6725 270.46 47.192 74.535 64.811 83.926 1.4490 1.4356 0.2509 47.8422 
38 61.38 164.36 1.6740 270.62 47.277 74.668 64.928 83.744 1.4516 1.4381 0.2514 47.9281 
39 61.48 164.36 1.6754 270.76 47.354 74.790 65.034 83.579 1.4539 1.4405 0.2518 48.0062 
40 61.59 164.37 1.6769 270.91 47.439 74.924 65.150 83.398 1.4565 1.4431 0.2522 48.1724 
41 61.69 164.37 1.6783 271.05 47.516 75.046 65.256 83.232 1.4589 1.4454 0.2526 48.2506 
42 61.80 164.38 1.6798 271.20 47.601 75.179 65.372 83.050 1.4615 1.4480 0.2531 48.3366 
43 61.72 164.32 1.6784 271.06 47.539 75.082 65.287 83.152 1.4596 1.4461 0.2528 48.2741 
44 61.64 164.25 1.6770 270.92 47.477 74.985 65.203 83.254 1.4577 1.4442 0.2524 48.2115 
45 61.55 164.19 1.6755 270.76 47.408 74.875 65.108 83.373 1.4556 1.4421 0.2521 48.1411 
46 61.47 164.12 1.6740 270.62 47.346 74.778 65.023 83.475 1.4537 1.4403 0.2517 48.0785 
47 61.39 164.06 1.6726 270.48 47.285 74.681 64.938 83.576 1.4518 1.4384 0.2514 48.0160 
48 61.20 163.96 1.6695 270.17 47.138 74.449 64.737 83.844 1.4473 1.4339 0.2506 47.8673 
49 60.99 163.86 1.6662 269.83 46.977 74.194 64.515 84.144 1.4423 1.4290 0.2498 47.7031 
50 60.80 163.76 1.6630 269.52 46.830 73.963 64.314 84.411 1.4378 1.4246 0.2490 47.5545 
51 60.60 163.66 1.6598 269.19 46.676 73.720 64.103 84.694 1.4331 1.4199 0.2482 47.3981 
52 60.40 163.56 1.6566 268.87 46.522 73.476 63.891 84.976 1.4284 1.4152 0.2474 47.2416 
53 60.13 163.22 1.6511 268.32 46.314 73.148 63.606 85.254 1.4220 1.4089 0.2462 47.0305 
54 59.86 162.89 1.6457 267.78 46.106 72.819 63.320 85.531 1.4156 1.4025 0.2451 46.8193 
55 59.60 162.55 1.6405 267.24 45.906 72.503 63.045 85.790 1.4095 1.3964 0.2441 46.7196 
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Age BW Bht BSA Q Q_brain Q_liver Q_kidney Q_Rest V_brain V_liver V_kidney V_Rest 
 (kg) (cm.) (m2) (L/h) (L/h) (L/h) (L/h) (L/h) (L) (L) (L) (L) 
             
57 59.06 161.88 1.6296 266.15 45.490 71.846 62.474 86.339 1.3967 1.3838 0.2419 46.2963 
58 59.03 161.76 1.6286 266.05 45.467 71.810 62.442 86.329 1.3960 1.3831 0.2417 46.2728 
59 58.99 161.65 1.6275 265.93 45.436 71.761 62.400 86.336 1.3950 1.3821 0.2416 46.2414 
60 58.96 161.53 1.6265 265.83 45.413 71.725 62.368 86.326 1.3943 1.3814 0.2415 46.1922 
61 58.92 161.42 1.6254 265.72 45.382 71.676 62.326 86.333 1.3934 1.3805 0.2413 46.1609 
62 58.89 161.30 1.6244 265.62 45.359 71.639 62.294 86.323 1.3927 1.3798 0.2412 46.1374 
63 58.47 161.25 1.6183 265.00 45.036 71.128 61.850 86.986 1.3827 1.3700 0.2394 45.8084 
64 58.05 161.19 1.6122 264.38 44.712 70.618 61.405 87.645 1.3728 1.3601 0.2377 45.4793 
65 57.62 161.14 1.6060 263.74 44.381 70.094 60.950 88.318 1.3626 1.3500 0.2360 45.1424 
66 57.20 161.08 1.5998 263.12 44.058 69.584 60.506 88.972 1.3527 1.3402 0.2342 44.8134 
67 56.78 161.03 1.5937 262.49 43.734 69.073 60.062 89.623 1.3428 1.3304 0.2325 44.4843 
68 55.89 160.53 1.5787 260.96 43.049 67.990 59.120 90.798 1.3217 1.3095 0.2289 43.7871 
69 55.00 160.03 1.5636 259.41 42.363 66.907 58.179 91.960 1.3007 1.2887 0.2252 43.0898 
70 54.12 159.52 1.5486 257.86 41.685 65.837 57.248 93.094 1.2799 1.2680 0.2216 42.4003 
71 53.23 159.02 1.5334 256.29 39.023 64.754 56.307 96.207 1.2588 1.2472 0.2180 41.7031 
72 52.34 158.52 1.5181 254.71 38.371 63.671 55.365 97.298 1.2378 1.2263 0.2143 41.0058 
73 52.08 158.39 1.5137 254.25 38.180 63.355 55.090 97.622 1.2316 1.2202 0.2133 40.8021 
74 51.82 158.26 1.5093 253.79 37.990 63.039 54.815 97.946 1.2255 1.2142 0.2122 40.5984 
75 51.56 158.13 1.5049 253.33 37.799 62.722 54.540 98.268 1.2193 1.2081 0.2112 40.3947 
76 51.30 158.00 1.5005 252.87 37.608 62.406 54.265 98.588 1.2132 1.2020 0.2101 40.1910 
77 51.04 157.87 1.4961 252.41 37.418 62.090 53.990 98.908 1.2070 1.1959 0.2090 39.9873 
78 50.78 157.74 1.4916 251.94 37.227 61.774 53.715 99.226 1.2009 1.1898 0.2080 39.7836 
79 50.52 157.61 1.4872 251.48 37.037 61.457 53.440 99.543 1.1947 1.1837 0.2069 39.5799 
80 50.26 157.48 1.4828 251.01 36.846 61.141 53.165 99.859 1.1886 1.1776 0.2058 39.3544 
81 50.00 157.35 1.4783 250.54 35.473 60.825 52.890 101.356 1.1824 1.1715 0.2048 39.1508 
82 49.74 157.22 1.4739 250.07 35.289 60.508 52.615 101.663 1.1763 1.1654 0.2037 38.9472 
83 49.48 157.09 1.4694 249.60 35.104 60.192 52.340 101.969 1.1701 1.1593 0.2026 38.7436 
84 49.22 156.96 1.4649 249.13 34.920 59.876 52.065 102.273 1.1640 1.1532 0.2016 38.5400 
85 48.96 156.83 1.4604 248.66 34.735 59.560 51.790 102.576 1.1578 1.1471 0.2005 38.3365 
86 48.70 156.70 1.4560 248.19 34.551 59.243 51.515 102.878 1.1517 1.1410 0.1994 38.1329 
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Age BW Bht BSA Q Q_brain Q_liver Q_kidney Q_Rest V_brain V_liver V_kidney V_Rest 
 (kg) (cm.) (m2) (L/h) (L/h) (L/h) (L/h) (L/h) (L) (L) (L) (L) 
             
88 48.18 156.44 1.4470 247.24 34.182 58.611 50.965 103.478 1.1394 1.1289 0.1973 37.7257 
89 47.92 156.31 1.4424 246.76 33.997 58.294 50.690 103.776 1.1332 1.1228 0.1962 37.5221 
90 47.66 156.18 1.4379 246.28 33.813 57.978 50.415 104.072 1.1271 1.1167 0.1952 37.3185 
91 47.40 156.05 1.4334 245.80 33.628 57.662 50.140 104.367 1.1209 1.1106 0.1941 37.1149 
92 47.14 155.92 1.4289 245.32 33.444 57.346 49.865 104.661 1.1148 1.1045 0.1930 36.9114 
93 46.88 155.79 1.4243 244.83 33.259 57.029 49.590 104.953 1.1086 1.0984 0.1920 36.7078 
94 46.62 155.66 1.4198 244.35 33.075 56.713 49.315 105.244 1.1025 1.0923 0.1909 36.5042 
95 46.36 155.53 1.4152 243.86 32.891 56.397 49.040 105.533 1.0964 1.0862 0.1899 36.3006 
96 46.10 155.40 1.4107 243.37 32.706 56.080 48.765 105.821 1.0902 1.0801 0.1888 36.0970 
97 45.84 155.27 1.4061 242.88 32.522 55.764 48.490 106.108 1.0841 1.0740 0.1877 35.8934 
98 45.58 155.14 1.4015 242.39 32.337 55.448 48.215 106.393 1.0779 1.0679 0.1867 35.6899 
99 45.32 155.01 1.3969 241.90 32.153 55.132 47.939 106.676 1.0718 1.0619 0.1856 35.4863 
100 45.06 154.88 1.3923 241.41 31.968 54.815 47.664 106.958 1.0656 1.0558 0.1845 35.2827 
 
 
Note: BW  = body weight 
 Bht  = body height 
 BSA  = body surface area 
 Q  = cardiac output 
 Q_brain = brain perfusion rate 
 Q_liver = liver perfusion rate 
 Q_kidney = kidney prfusion rate 
 Q_Rest  = blood flow to the rest of the body 
V_brain = volume of brain compartment 
V_liver  = volume of liver compartment 
V_kidney = volume of kidney compartment 
V_Rest  = volume of the rest of the body (i.e., the remainder) 
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Appendix A2 
 
PBPK Parameters for Thai Male Populations (2) 
 
 
        
    Rest of the body 
Age BW muscle  skin fat heart lungs spleen intestine stomach skeleton hair others 
 (kg) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) 
             
1 10.19 0.9500 0.6100 2.3700 0.0470 0.1460 0.0270 0.1210 0.0240 0.8040 0.0080 2.0650 
2 12.54 0.9903 0.7547 2.9044 0.0573 0.1791 0.0334 0.1493 0.0299 0.9900 0.0105 2.9216 
3 14.35 1.1392 0.8636 3.0095 0.0656 0.2050 0.0383 0.1708 0.0342 1.1329 0.0120 3.7194 
4 15.66 1.3685 0.9424 2.8447 0.0716 0.2237 0.0418 0.1864 0.0373 1.2363 0.0131 4.3989 
5 16.82 1.6009 1.0123 2.5109 0.0769 0.2403 0.0449 0.2002 0.0400 1.3279 0.0140 5.3584 
6 19.27 2.0907 1.1597 2.5404 0.0881 0.2753 0.0514 0.2294 0.0459 1.5213 0.0161 6.2200 
7 21.90 2.7117 1.0811 2.7337 0.1001 0.3129 0.0584 0.2607 0.0521 1.7289 0.0183 7.4128 
8 23.78 3.3295 1.1739 3.0129 0.1087 0.3397 0.0634 0.2831 0.0566 1.8774 0.0198 7.7957 
9 27.12 4.3040 1.3387 3.7201 0.1240 0.3874 0.0723 0.3229 0.0646 2.1411 0.0226 8.1510 
10 28.54 5.0823 1.1883 4.3461 0.1305 0.4077 0.0761 0.3398 0.0680 2.2532 0.0238 7.9627 
11 33.08 6.5838 1.3773 5.6327 0.1512 0.4726 0.0882 0.3938 0.0788 2.6116 0.0414 8.0833 
12 38.39 8.3693 1.5984 7.1222 0.1755 0.5484 0.1024 0.4570 0.0914 3.0308 0.0480 8.1763 
13 43.49 10.1410 1.8108 8.4381 0.1988 0.6213 0.1160 0.5177 0.1035 3.4334 0.0544 8.3888 
14 45.20 10.6334 1.8820 8.4313 0.2066 0.6457 0.1205 0.5381 0.1076 3.5684 0.0565 9.1723 
15 52.08 12.6837 1.7991 9.2592 0.2381 0.7440 0.1389 0.6200 0.1240 4.1116 0.0651 11.0592
16 53.27 13.7901 1.8402 8.8463 0.2435 0.7610 0.1421 0.6342 0.1268 4.2055 0.0666 11.0905
17 58.94 16.5272 2.0361 8.7041 0.2694 0.8420 0.1572 0.7017 0.1403 4.6532 0.0884 11.9421
18 59.90 18.6047 2.0693 7.1723 0.2738 0.8557 0.1597 0.7131 0.1426 4.7289 0.0899 11.8136
19 59.78 20.1183 2.0108 7.4725 0.2733 0.8540 0.1594 0.7117 0.1423 4.7195 0.0897 9.9474 
20 59.67 20.0813 2.0071 7.7830 0.2728 0.8524 0.1591 0.7104 0.1421 4.7108 0.0995 9.6188 
21 59.55 20.0409 2.0030 7.7674 0.2722 0.8507 0.1588 0.7089 0.1418 4.7013 0.0993 9.5995 
22 59.44 20.0038 1.9993 8.0761 0.2717 0.8491 0.1585 0.7076 0.1415 4.6926 0.0991 9.2845 
23 59.69 20.0880 2.0078 8.1101 0.2729 0.8527 0.1592 0.7106 0.1421 4.7124 0.0995 9.3236 
24 59.93 20.1688 2.0158 8.4684 0.2740 0.8561 0.1598 0.7135 0.1427 4.7313 0.0999 9.0614 
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Age BW muscle  skin fat heart lungs spleen intestine stomach skeleton hair others 
 (kg) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) 
             
25 60.18 20.2529 2.0242 8.5037 0.2751 0.8597 0.1605 0.7164 0.1433 4.7511 0.1003 9.0992 
26 60.42 20.3337 2.0323 8.8660 0.2762 0.8631 0.1611 0.7193 0.1439 4.7700 0.1007 8.8334 
27 60.67 20.4178 2.0407 9.2324 0.2773 0.8667 0.1618 0.7223 0.1445 4.7897 0.1011 8.5666 
28 60.80 20.4615 2.0451 9.5826 0.2779 0.8686 0.1621 0.7238 0.1448 4.8000 0.1013 8.2810 
29 60.93 20.5053 2.0495 9.6031 0.2785 0.8704 0.1625 0.7254 0.1451 4.8103 0.1016 8.2987 
30 61.06 20.5490 2.0538 9.9554 0.2791 0.8723 0.1628 0.7269 0.1454 4.8205 0.1018 8.0111 
31 61.19 20.5928 2.0582 9.9766 0.2797 0.8741 0.1632 0.7285 0.1457 4.8308 0.1020 8.0281 
32 61.32 20.6365 2.0626 9.9978 0.2803 0.8760 0.1635 0.7300 0.1460 4.8411 0.1022 8.0452 
33 61.31 20.6332 2.0622 9.9962 0.2803 0.8759 0.1635 0.7299 0.1460 4.8403 0.1022 8.0439 
34 61.30 20.6298 2.0619 9.9946 0.2802 0.8757 0.1635 0.7298 0.1460 4.8395 0.1022 8.0426 
35 61.29 20.6264 2.0616 9.9929 0.2802 0.8756 0.1634 0.7296 0.1459 4.8387 0.1022 8.0412 
36 61.25 20.6130 2.0602 9.9864 0.2800 0.8750 0.1633 0.7292 0.1458 4.8355 0.1021 8.0360 
37 61.27 20.6197 2.0609 9.9897 0.2801 0.8753 0.1634 0.7294 0.1459 4.8371 0.1021 8.0386 
38 61.38 20.6567 2.0646 10.0076 0.2806 0.8769 0.1637 0.7307 0.1461 4.8458 0.1023 8.0531 
39 61.48 20.6904 2.0680 10.0239 0.2811 0.8783 0.1639 0.7319 0.1464 4.8537 0.1025 8.0662 
40 61.59 20.7274 2.0717 11.0460 0.2816 0.8799 0.1642 0.7332 0.1466 4.8624 0.1027 7.1568 
41 61.69 20.7611 2.0750 11.0640 0.2820 0.8813 0.1645 0.7344 0.1469 4.8703 0.1028 7.1684 
42 61.80 20.7981 2.0787 11.0837 0.2825 0.8829 0.1648 0.7357 0.1471 4.8789 0.1030 7.1812 
43 61.72 20.7712 2.0760 11.0693 0.2821 0.8817 0.1646 0.7348 0.1470 4.8726 0.1029 7.1719 
44 61.64 20.7442 2.0733 11.0550 0.2818 0.8806 0.1644 0.7338 0.1468 4.8663 0.1027 7.1626 
45 61.55 20.7139 2.0703 11.0389 0.2814 0.8793 0.1641 0.7327 0.1465 4.8592 0.1026 7.1521 
46 61.47 20.6870 2.0676 11.0245 0.2810 0.8781 0.1639 0.7318 0.1464 4.8529 0.1025 7.1428 
47 61.39 20.6601 2.0649 11.0102 0.2806 0.8770 0.1637 0.7308 0.1462 4.8466 0.1023 7.1335 
48 61.20 20.5962 2.0585 10.9761 0.2798 0.8743 0.1632 0.7286 0.1457 4.8316 0.1020 7.1114 
49 60.99 20.5255 2.0515 10.9384 0.2788 0.8713 0.1626 0.7261 0.1452 4.8150 0.1017 7.0870 
50 60.80 20.4615 2.0451 10.9043 0.2779 0.8686 0.1621 0.7238 0.1448 4.8000 0.1013 7.0650 
51 60.60 20.3942 2.0384 10.8685 0.2770 0.8657 0.1616 0.7214 0.1443 4.7842 0.1010 7.0417 
52 60.40 20.3269 2.0316 10.8326 0.2761 0.8629 0.1611 0.7190 0.1438 4.7684 0.1007 7.0185 
53 60.13 20.2361 2.0226 10.7842 0.2749 0.8590 0.1603 0.7158 0.1432 4.7471 0.1002 6.9871 
54 59.86 20.1452 2.0135 10.7358 0.2736 0.8551 0.1596 0.7126 0.1425 4.7258 0.0998 6.9557 
55 59.60 20.0577 2.0047 11.9848 0.2725 0.8514 0.1589 0.7095 0.1419 4.7053 0.0993 5.7335 
56 59.33 19.9668 1.9956 11.9305 0.2712 0.8476 0.1582 0.7063 0.1413 4.6839 0.0989 5.7075 
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Age BW muscle  skin fat heart lungs spleen intestine stomach skeleton hair others 
 (kg) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) 
             
57 59.06 19.8760 1.9866 11.8762 0.2700 0.8437 0.1575 0.7031 0.1406 4.6626 0.0984 5.6816 
58 59.03 19.8659 1.9856 11.8702 0.2699 0.8433 0.1574 0.7027 0.1405 4.6603 0.0984 5.6787 
59 58.99 19.8524 1.9842 11.8621 0.2697 0.8427 0.1573 0.7023 0.1405 4.6571 0.0983 5.6748 
60 58.96 19.8423 1.9832 11.5357 0.2695 0.8423 0.1572 0.7019 0.1404 4.6547 0.0983 5.9668 
61 58.92 19.8288 1.9819 11.5278 0.2693 0.8417 0.1571 0.7014 0.1403 4.6516 0.0982 5.9627 
62 58.89 19.8188 1.9808 11.5220 0.2692 0.8413 0.1570 0.7011 0.1402 4.6492 0.0982 5.9597 
63 58.47 19.6774 1.9667 11.4398 0.2673 0.8353 0.1559 0.6961 0.1392 4.6161 0.0975 5.9172 
64 58.05 19.5361 1.9526 11.3576 0.2654 0.8293 0.1548 0.6911 0.1382 4.5829 0.0968 5.8747 
65 57.62 19.3913 1.9381 11.2735 0.2634 0.8231 0.1537 0.6860 0.1372 4.5489 0.0960 5.8311 
66 57.20 19.2500 1.9240 11.1913 0.2615 0.8171 0.1525 0.6810 0.1362 4.5158 0.0953 5.7886 
67 56.78 19.1087 1.9099 11.1091 0.2596 0.8111 0.1514 0.6760 0.1352 4.4826 0.0946 5.7461 
68 55.89 18.8091 1.8799 10.9350 0.2555 0.7984 0.1490 0.6654 0.1331 4.4124 0.0932 5.6561 
69 55.00 18.5096 1.8500 10.7609 0.2514 0.7857 0.1467 0.6548 0.1310 4.3421 0.0917 5.5660 
70 54.12 18.2135 1.8204 10.5887 0.2474 0.7731 0.1443 0.6443 0.1289 4.2726 0.0902 5.4769 
71 53.23 17.9139 1.7905 10.4146 0.2433 0.7604 0.1419 0.6337 0.1267 4.2024 0.0887 5.3869 
72 52.34 17.6144 1.7605 10.2404 0.2393 0.7477 0.1396 0.6231 0.1246 4.1321 0.0872 5.2968 
73 52.08 17.5269 1.7518 10.1896 0.2381 0.7440 0.1389 0.6200 0.1240 4.1116 0.0868 5.2705 
74 51.82 17.4394 1.7430 10.1387 0.2369 0.7403 0.1382 0.6169 0.1234 4.0911 0.0864 5.2442 
75 51.56 17.3519 1.7343 10.0878 0.2357 0.7366 0.1375 0.6138 0.1228 4.0705 0.0859 5.2179 
76 51.30 17.2644 1.7255 10.0370 0.2345 0.7329 0.1368 0.6107 0.1221 4.0500 0.0855 5.1916 
77 51.04 17.1769 1.7168 9.9861 0.2333 0.7291 0.1361 0.6076 0.1215 4.0295 0.0851 5.1652 
78 50.78 17.0894 1.7081 9.9352 0.2321 0.7254 0.1354 0.6045 0.1209 4.0089 0.0846 5.1389 
79 50.52 17.0019 1.6993 9.8843 0.2309 0.7217 0.1347 0.6014 0.1203 3.9884 0.0842 5.1126 
80 50.26 16.9144 1.6906 9.5603 0.2298 0.7180 0.1340 0.5983 0.1197 3.9679 0.0838 5.3376 
81 50.00 16.8269 1.6818 9.5109 0.2286 0.7143 0.1333 0.5952 0.1190 3.9474 0.0833 5.3100 
82 49.74 16.7394 1.6731 9.4614 0.2274 0.7106 0.1326 0.5921 0.1184 3.9268 0.0829 5.2824 
83 49.48 16.6519 1.6643 9.4120 0.2262 0.7069 0.1319 0.5890 0.1178 3.9063 0.0825 5.2548 
84 49.22 16.5644 1.6556 9.3625 0.2250 0.7031 0.1313 0.5860 0.1172 3.8858 0.0820 5.2272 
85 48.96 16.4769 1.6468 9.3130 0.2238 0.6994 0.1306 0.5829 0.1166 3.8653 0.0816 5.1996 
86 48.70 16.3894 1.6381 9.2636 0.2226 0.6957 0.1299 0.5798 0.1160 3.8447 0.0812 5.1719 
87 48.44 16.3019 1.6293 9.2141 0.2214 0.6920 0.1292 0.5767 0.1153 3.8242 0.0807 5.1443 
88 48.18 16.2144 1.6206 9.1647 0.2203 0.6883 0.1285 0.5736 0.1147 3.8037 0.0803 5.1167 
  228
Age BW muscle  skin fat heart lungs spleen intestine stomach skeleton hair others 
 (kg) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) 
             
89 47.92 16.1269 1.6119 9.1152 0.2191 0.6846 0.1278 0.5705 0.1141 3.7832 0.0799 5.0891 
90 47.66 16.0394 1.6031 9.0658 0.2179 0.6809 0.1271 0.5674 0.1135 3.7626 0.0794 5.0615 
91 47.40 15.9519 1.5944 9.0163 0.2167 0.6771 0.1264 0.5643 0.1129 3.7421 0.0790 5.0339 
92 47.14 15.8644 1.5856 8.9668 0.2155 0.6734 0.1257 0.5612 0.1122 3.7216 0.0786 5.0063 
93 46.88 15.7769 1.5769 8.9174 0.2143 0.6697 0.1250 0.5581 0.1116 3.7011 0.0781 4.9787 
94 46.62 15.6894 1.5681 8.8679 0.2131 0.6660 0.1243 0.5550 0.1110 3.6805 0.0777 4.9510 
95 46.36 15.6019 1.5594 8.8185 0.2119 0.6623 0.1236 0.5519 0.1104 3.6600 0.0773 4.9234 
96 46.10 15.5144 1.5506 8.7690 0.2107 0.6586 0.1229 0.5488 0.1098 3.6395 0.0768 4.8958 
97 45.84 15.4269 1.5419 8.7196 0.2096 0.6549 0.1222 0.5457 0.1091 3.6189 0.0764 4.8682 
98 45.58 15.3394 1.5331 8.6701 0.2084 0.6511 0.1215 0.5426 0.1085 3.5984 0.0760 4.8406 
99 45.32 15.2519 1.5244 8.6207 0.2072 0.6474 0.1209 0.5395 0.1079 3.5779 0.0755 4.8130 
100 45.06 15.1644 1.5157 8.5712 0.2060 0.6437 0.1202 0.5364 0.1073 3.5574 0.0751 4.7854 
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Appendix A3 
 
NOAELs and SfDs for Methylmercury for Thai Male Populations 
 
        
Age BW Bht BSA Q NOAEL SfD1 SfD2 
 (kg) (cm.) (m2) (L/h) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) 
           
1 10.19 78.89 0.4725 123.53 0.007535 0.07678 0.007535 0.07678 0.002512 0.02559 
2 12.54 88.68 0.5558 136.61 0.006730 0.08439 0.006730 0.08439 0.002243 0.02813 
3 14.35 96.38 0.6198 146.16 0.006500 0.09328 0.006500 0.09328 0.002167 0.03109 
4 15.66 101.69 0.6651 152.69 0.006000 0.09396 0.006000 0.09396 0.002000 0.03132 
5 16.82 107.75 0.7095 158.94 0.005400 0.09083 0.005400 0.09083 0.001800 0.03028 
6 19.27 114.05 0.7813 168.73 0.004935 0.09510 0.004935 0.09510 0.001645 0.03170 
7 21.90 120.01 0.8544 178.35 0.004876 0.10678 0.004876 0.10678 0.001625 0.03559 
8 23.78 124.13 0.9055 184.88 0.004780 0.11367 0.004780 0.11367 0.001593 0.03789 
9 27.12 130.08 0.9899 195.39 0.004410 0.11960 0.004410 0.11960 0.001470 0.03987 
10 28.54 133.86 1.0302 200.27 0.003890 0.11102 0.003890 0.11102 0.001297 0.03701 
11 33.08 139.41 1.1318 212.31 0.003550 0.11743 0.003550 0.11743 0.001183 0.03914 
12 38.39 145.74 1.2467 225.42 0.003385 0.12995 0.003385 0.12995 0.001128 0.04332 
13 43.49 153.45 1.3615 238.08 0.003155 0.13721 0.003155 0.13721 0.001052 0.04574 
14 45.20 158.52 1.4108 243.38 0.003150 0.14238 0.003150 0.14238 0.001050 0.04746 
15 52.08 159.52 1.5191 254.81 0.003000 0.15624 0.003000 0.15624 0.001000 0.05208 
16 53.27 165.49 1.5649 259.54 0.003090 0.16460 0.003090 0.16460 0.001030 0.05487 
17 58.94 165.88 1.6480 268.00 0.003070 0.18095 0.003070 0.18095 0.001023 0.06032 
18 59.90 169.06 1.6772 270.94 0.003070 0.18389 0.003070 0.18389 0.001023 0.06130 
19 59.78 168.21 1.6713 270.35 0.003050 0.18233 0.003050 0.18233 0.001017 0.06078 
20 59.67 167.36 1.6655 269.77 0.003050 0.18199 0.003050 0.18199 0.001017 0.06066 
21 59.55 166.51 1.6596 269.17 0.003045 0.18133 0.003045 0.18133 0.001015 0.06044 
22 59.44 165.66 1.6539 268.59 0.003030 0.18010 0.003030 0.18010 0.001010 0.06003 
23 59.69 165.73 1.6577 268.98 0.003060 0.18265 0.003060 0.18265 0.001020 0.06088 
24 59.93 165.79 1.6613 269.34 0.003075 0.18428 0.003075 0.18428 0.001025 0.06143 
  230
Age BW Bht BSA Q NOAEL SfD1 SfD2 
 (kg) (cm.) (m2) (L/h) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) 
           
25 60.18 165.86 1.6651 269.73 0.003080 0.18535 0.003080 0.18535 0.001027 0.06178 
26 60.42 165.92 1.6688 270.09 0.003090 0.18670 0.003090 0.18670 0.001030 0.06223 
27 60.67 165.99 1.6725 270.47 0.003100 0.18808 0.003100 0.18808 0.001033 0.06269 
28 60.80 165.75 1.6731 270.53 0.003105 0.18878 0.003105 0.18878 0.001035 0.06293 
29 60.93 165.51 1.6737 270.59 0.003100 0.18888 0.003100 0.18888 0.001033 0.06296 
30 61.06 165.28 1.6743 270.65 0.003100 0.18929 0.003100 0.18929 0.001033 0.06310 
31 61.19 165.04 1.6749 270.70 0.003110 0.19030 0.003110 0.19030 0.001037 0.06343 
32 61.32 164.80 1.6754 270.76 0.003060 0.18764 0.003060 0.18764 0.001020 0.06255 
33 61.31 164.71 1.6748 270.70 0.003150 0.19313 0.003150 0.19313 0.001050 0.06438 
34 61.30 164.62 1.6742 270.64 0.003100 0.19003 0.003100 0.19003 0.001033 0.06334 
35 61.29 164.53 1.6737 270.58 0.003100 0.19000 0.003100 0.19000 0.001033 0.06333 
36 61.25 164.44 1.6727 270.48 0.003095 0.18957 0.003095 0.18957 0.001032 0.06319 
37 61.27 164.35 1.6725 270.46 0.003090 0.18932 0.003090 0.18932 0.001030 0.06311 
38 61.38 164.36 1.6740 270.62 0.003100 0.19028 0.003100 0.19028 0.001033 0.06343 
39 61.48 164.36 1.6754 270.76 0.003150 0.19366 0.003150 0.19366 0.001050 0.06455 
40 61.59 164.37 1.6769 270.91 0.003165 0.19493 0.003165 0.19493 0.001055 0.06498 
41 61.69 164.37 1.6783 271.05 0.003170 0.19556 0.003170 0.19556 0.001057 0.06519 
42 61.80 164.38 1.6798 271.20 0.003190 0.19714 0.003190 0.19714 0.001063 0.06571 
43 61.72 164.32 1.6784 271.06 0.003190 0.19689 0.003190 0.19689 0.001063 0.06563 
44 61.64 164.25 1.6770 270.92 0.003210 0.19786 0.003210 0.19786 0.001070 0.06595 
45 61.55 164.19 1.6755 270.76 0.003200 0.19696 0.003200 0.19696 0.001067 0.06565 
46 61.47 164.12 1.6740 270.62 0.003200 0.19670 0.003200 0.19670 0.001067 0.06557 
47 61.39 164.06 1.6726 270.48 0.003110 0.19092 0.003110 0.19092 0.001037 0.06364 
48 61.20 163.96 1.6695 270.17 0.003110 0.19033 0.003110 0.19033 0.001037 0.06344 
49 60.99 163.86 1.6662 269.83 0.003100 0.18907 0.003100 0.18907 0.001033 0.06302 
50 60.80 163.76 1.6630 269.52 0.003040 0.18483 0.003040 0.18483 0.001013 0.06161 
51 60.60 163.66 1.6598 269.19 0.003035 0.18392 0.003035 0.18392 0.001012 0.06131 
52 60.40 163.56 1.6566 268.87 0.003030 0.18301 0.003030 0.18301 0.001010 0.06100 
53 60.13 163.22 1.6511 268.32 0.003030 0.18219 0.003030 0.18219 0.001010 0.06073 
54 59.86 162.89 1.6457 267.78 0.003040 0.18197 0.003040 0.18197 0.001013 0.06066 
  231
Age BW Bht BSA Q NOAEL SfD1 SfD2 
 (kg) (cm.) (m2) (L/h) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) 
           
55 59.60 162.55 1.6405 267.24 0.003045 0.18148 0.003045 0.18148 0.001015 0.06049 
56 59.33 162.22 1.6351 266.70 0.003040 0.18036 0.003040 0.18036 0.001013 0.06012 
57 59.06 161.88 1.6296 266.15 0.003040 0.17954 0.003040 0.17954 0.001013 0.05985 
58 59.03 161.76 1.6286 266.05 0.003040 0.17945 0.003040 0.17945 0.001013 0.05982 
59 58.99 161.65 1.6275 265.93 0.003040 0.17933 0.003040 0.17933 0.001013 0.05978 
60 58.96 161.53 1.6265 265.83 0.003040 0.17924 0.003040 0.17924 0.001013 0.05975 
61 58.92 161.42 1.6254 265.72 0.003040 0.17912 0.003040 0.17912 0.001013 0.05971 
62 58.89 161.30 1.6244 265.62 0.003040 0.17903 0.003040 0.17903 0.001013 0.05968 
63 58.47 161.25 1.6183 265.00 0.003060 0.17892 0.003060 0.17892 0.001020 0.05964 
64 58.05 161.19 1.6122 264.38 0.003050 0.17705 0.003050 0.17705 0.001017 0.05902 
65 57.62 161.14 1.6060 263.74 0.003050 0.17574 0.003050 0.17574 0.001017 0.05858 
66 57.20 161.08 1.5998 263.12 0.003050 0.17446 0.003050 0.17446 0.001017 0.05815 
67 56.78 161.03 1.5937 262.49 0.003050 0.17318 0.003050 0.17318 0.001017 0.05773 
68 55.89 160.53 1.5787 260.96 0.003060 0.17102 0.003060 0.17102 0.001020 0.05701 
69 55.00 160.03 1.5636 259.41 0.003070 0.16885 0.003070 0.16885 0.001023 0.05628 
70 54.12 159.52 1.5486 257.86 0.003075 0.16642 0.003075 0.16642 0.001025 0.05547 
71 53.23 159.02 1.5334 256.29 0.003085 0.16421 0.003085 0.16421 0.001028 0.05474 
72 52.34 158.52 1.5181 254.71 0.003090 0.16173 0.003090 0.16173 0.001030 0.05391 
73 52.08 158.39 1.5137 254.25 0.003070 0.15989 0.003070 0.15989 0.001023 0.05330 
74 51.82 158.26 1.5093 253.79 0.003070 0.15909 0.003070 0.15909 0.001023 0.05303 
75 51.56 158.13 1.5049 253.33 0.003080 0.15880 0.003080 0.15880 0.001027 0.05293 
76 51.30 158.00 1.5005 252.87 0.003080 0.15800 0.003080 0.15800 0.001027 0.05267 
77 51.04 157.87 1.4961 252.41 0.003075 0.15695 0.003075 0.15695 0.001025 0.05232 
78 50.78 157.74 1.4916 251.94 0.003070 0.15589 0.003070 0.15589 0.001023 0.05196 
79 50.52 157.61 1.4872 251.48 0.003070 0.15510 0.003070 0.15510 0.001023 0.05170 
80 50.26 157.48 1.4828 251.01 0.003070 0.15430 0.003070 0.15430 0.001023 0.05143 
81 50.00 157.35 1.4783 250.54 0.003065 0.15325 0.003065 0.15325 0.001022 0.05108 
82 49.74 157.22 1.4739 250.07 0.003065 0.15245 0.003065 0.15245 0.001022 0.05082 
83 49.48 157.09 1.4694 249.60 0.003065 0.15166 0.003065 0.15166 0.001022 0.05055 
84 49.22 156.96 1.4649 249.13 0.003070 0.15111 0.003070 0.15111 0.001023 0.05037 
  232
Age BW Bht BSA Q NOAEL SfD1 SfD2 
 (kg) (cm.) (m2) (L/h) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) 
           
85 48.96 156.83 1.4604 248.66 0.003065 0.15006 0.003065 0.15006 0.001022 0.05002 
86 48.70 156.70 1.4560 248.19 0.003070 0.14951 0.003070 0.14951 0.001023 0.04984 
87 48.44 156.57 1.4515 247.71 0.003070 0.14871 0.003070 0.14871 0.001023 0.04957 
88 48.18 156.44 1.4470 247.24 0.003070 0.14791 0.003070 0.14791 0.001023 0.04930 
89 47.92 156.31 1.4424 246.76 0.003070 0.14711 0.003070 0.14711 0.001023 0.04904 
90 47.66 156.18 1.4379 246.28 0.003070 0.14632 0.003070 0.14632 0.001023 0.04877 
91 47.40 156.05 1.4334 245.80 0.003065 0.14528 0.003065 0.14528 0.001022 0.04843 
92 47.14 155.92 1.4289 245.32 0.003065 0.14448 0.003065 0.14448 0.001022 0.04816 
93 46.88 155.79 1.4243 244.83 0.003070 0.14392 0.003070 0.14392 0.001023 0.04797 
94 46.62 155.66 1.4198 244.35 0.003070 0.14312 0.003070 0.14312 0.001023 0.04771 
95 46.36 155.53 1.4152 243.86 0.003070 0.14233 0.003070 0.14233 0.001023 0.04744 
96 46.10 155.40 1.4107 243.37 0.003065 0.14130 0.003065 0.14130 0.001022 0.04710 
97 45.84 155.27 1.4061 242.88 0.003065 0.14050 0.003065 0.14050 0.001022 0.04683 
98 45.58 155.14 1.4015 242.39 0.003065 0.13970 0.003065 0.13970 0.001022 0.04657 
99 45.32 155.01 1.3969 241.90 0.003065 0.13891 0.003065 0.13891 0.001022 0.04630 
100 45.06 154.88 1.3923 241.41 0.003065 0.13811 0.003065 0.13811 0.001022 0.04604 
 
_________________________________________________________________________________________________   
 
Note:  
 
NOAEL = the no observed adverse effect level 
SfD1 = safe dose based on NOAEL only 
SfD2 = safe dose based on NOAEL and uncertainty factor 3  
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Appendix B1 
 
PBPK Parameters for Thai Female Populations (1) 
 
 
Age BW Bht BSA Q Q_brain Q_liver Q_kidney Q_Rest V_brain V_liver V_kidney V_Rest 
 (kg) (cm.) (m2) (L/h) (L/h) (L/h) (L/h) (L/h) (L) (L) (L) (L) 
             
1  9.82 78.22 0.4619 121.80 31.650 9.320 15.941 64.889 0.8645 0.3663 0.0617 4.859 
2  12.09 87.54 0.5422 134.53 40.756 11.052 18.135 64.585 0.9602 0.4147 0.0702 6.146 
3  14.03 95.25 0.6093 144.61 47.470 12.707 20.133 64.304 1.0119 0.4563 0.0779 7.135 
4  15.01 101.08 0.6492 150.42 50.658 13.690 20.939 65.130 1.0213 0.4713 0.0811 7.514 
5  16.95 107.65 0.7119 159.27 53.280 15.089 22.623 68.281 1.0495 0.4988 0.0876 8.274 
6  19.73 115.03 0.7940 170.42 56.079 17.505 25.763 71.072 1.1057 0.5566 0.0997 9.417 
7  21.02 119.50 0.8353 175.86 53.922 19.546 26.836 75.559 1.0830 0.5693 0.1039 10.319 
8  23.06 124.24 0.8921 183.18 49.165 22.680 29.008 82.328 1.0185 0.6095 0.1123 11.995 
9  26.84 130.50 0.9864 194.96 51.017 28.241 33.813 81.885 1.0990 0.7043 0.1309 15.207 
10  32.10 137.62 1.1078 209.50 53.837 38.079 40.349 77.233 1.2112 0.8303 0.1562 19.776 
11  36.23 143.48 1.2017 220.34 52.455 44.062 44.937 78.883 1.2333 0.9304 0.1740 23.392 
12  39.61 147.62 1.2745 228.52 49.352 49.336 47.861 81.973 1.2096 1.0097 0.1853 26.952 
13  42.76 151.38 1.3409 235.84 44.846 52.876 49.088 89.029 1.1401 1.0500 0.1900 28.810 
14  46.95 154.56 1.4198 244.34 46.352 58.874 52.115 87.003 1.2140 1.1352 0.2018 31.049 
15  46.33 152.49 1.4009 242.32 41.200 58.164 50.900 92.060 1.1037 1.1203 0.1971 30.909 
16  47.04 153.91 1.4181 244.17 40.836 58.597 52.073 92.663 1.1116 1.1286 0.2016 31.373 
17  48.32 155.79 1.4460 247.14 41.147 60.192 53.490 92.309 1.1334 1.1593 0.2071 32.512 
18  50.23 153.80 1.4649 249.13 41.024 62.571 55.605 89.932 1.1693 1.2051 0.2153 33.478 
19  51.01 153.96 1.4770 250.41 40.729 63.543 56.468 89.667 1.1875 1.2239 0.2186 36.546 
20  51.80 154.13 1.4892 251.68 40.216 64.527 57.343 89.599 1.2059 1.2428 0.2220 37.112 
21  52.58 154.29 1.5012 252.94 40.822 65.498 58.206 88.410 1.2240 1.2615 0.2253 37.671 
22  53.36 154.45 1.5130 254.18 41.427 66.470 59.070 87.209 1.2422 1.2802 0.2287 38.230 
23  53.55 154.32 1.5151 254.39 41.575 66.707 59.280 86.830 1.2466 1.2848 0.2295 38.366 
24  53.74 154.19 1.5172 254.61 41.722 66.943 59.490 86.449 1.2510 1.2894 0.2303 38.502 
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Age BW Bht BSA Q Q_brain Q_liver Q_kidney Q_Rest V_brain V_liver V_kidney V_Rest 
 (kg) (cm.) (m2) (L/h) (L/h) (L/h) (L/h) (L/h) (L) (L) (L) (L) 
             
25  53.94 154.07 1.5193 254.83 41.878 67.193 59.712 86.051 1.2557 1.2942 0.2312 38.645 
26  54.13 153.94 1.5214 255.05 42.025 67.429 59.922 85.669 1.2601 1.2987 0.2320 38.781 
27  54.32 153.81 1.5234 255.26 42.173 67.666 60.132 85.286 1.2645 1.3033 0.2328 38.917 
28  54.92 153.83 1.5319 256.14 42.638 68.413 60.796 84.290 1.2785 1.3177 0.2354 39.347 
29  55.52 153.85 1.5404 257.01 43.104 69.161 61.461 83.288 1.2925 1.3321 0.2379 39.777 
30  56.12 153.88 1.5488 257.88 43.570 69.908 62.125 82.280 1.3065 1.3465 0.2405 40.512 
31  56.72 153.90 1.5572 258.75 44.036 70.656 62.789 81.266 1.3204 1.3609 0.2431 40.945 
32  57.32 153.92 1.5655 259.60 44.502 71.403 63.453 80.245 1.3344 1.3753 0.2457 41.378 
33  57.48 153.90 1.5676 259.82 44.626 71.602 63.630 79.961 1.3381 1.3791 0.2463 41.494 
34  57.65 153.89 1.5698 260.05 44.758 71.814 63.819 79.658 1.3421 1.3832 0.2471 41.616 
35  57.81 153.87 1.5719 260.26 44.882 72.013 63.996 79.373 1.3458 1.3870 0.2478 41.732 
36  57.98 153.86 1.5741 260.49 45.014 72.225 64.184 79.070 1.3498 1.3911 0.2485 41.855 
37  58.14 153.84 1.5762 260.71 45.138 72.424 64.361 78.783 1.3535 1.3949 0.2492 41.970 
38  58.45 153.74 1.5799 261.08 45.379 72.811 64.704 78.191 1.3607 1.4024 0.2505 42.194 
39  58.76 153.64 1.5836 261.46 45.620 73.197 65.047 77.596 1.3679 1.4098 0.2518 42.418 
40  59.07 153.54 1.5872 261.83 45.860 73.583 65.390 77.000 1.3751 1.4172 0.2532 43.605 
41  59.38 153.44 1.5909 262.21 46.101 73.969 65.734 76.403 1.3823 1.4247 0.2545 43.833 
42  59.69 153.34 1.5945 262.58 46.342 74.355 66.077 75.803 1.3896 1.4321 0.2558 44.062 
43  59.39 153.21 1.5898 262.10 46.109 73.982 65.745 76.262 1.3826 1.4249 0.2545 43.841 
44  59.10 153.08 1.5852 261.63 45.884 73.620 65.424 76.702 1.3758 1.4180 0.2533 43.627 
45  58.80 152.94 1.5805 261.15 45.651 73.247 65.092 77.159 1.3688 1.4108 0.2520 43.405 
46  58.51 152.81 1.5760 260.68 45.426 72.885 64.771 77.596 1.3621 1.4038 0.2508 43.191 
47  58.21 152.68 1.5712 260.19 45.193 72.512 64.438 78.050 1.3551 1.3966 0.2495 42.970 
48  58.34 152.67 1.5729 260.37 45.294 72.674 64.582 77.816 1.3581 1.3997 0.2500 43.066 
49  58.47 152.65 1.5746 260.54 45.395 72.836 64.726 77.582 1.3612 1.4028 0.2506 43.162 
50  58.59 152.64 1.5761 260.70 45.488 72.985 64.859 77.364 1.3640 1.4057 0.2511 44.524 
51  58.72 152.62 1.5778 260.87 45.589 73.147 65.003 77.129 1.3670 1.4088 0.2517 44.623 
52  58.85 152.61 1.5795 261.04 45.690 73.309 65.147 76.894 1.3700 1.4120 0.2522 44.722 
53  57.98 152.52 1.5673 259.79 45.014 72.225 64.184 78.365 1.3498 1.3911 0.2485 44.060 
54  57.12 152.43 1.5552 258.54 44.346 71.154 63.232 79.807 1.3297 1.3705 0.2448 43.407 
  235
 
Age BW Bht BSA Q Q_brain Q_liver Q_kidney Q_Rest V_brain V_liver V_kidney V_Rest 
 (kg) (cm.) (m2) (L/h) (L/h) (L/h) (L/h) (L/h) (L) (L) (L) (L) 
             
55  56.25 152.33 1.5428 257.26 43.671 70.070 62.269 81.254 1.3095 1.3496 0.2411 43.969 
56  55.38 152.24 1.5304 255.98 42.996 68.986 61.306 82.688 1.2892 1.3287 0.2373 43.289 
57  54.52 152.15 1.5180 254.69 42.328 67.915 60.354 84.093 1.2692 1.3081 0.2337 42.616 
58  54.15 151.82 1.5112 253.98 42.041 67.454 59.944 84.541 1.2606 1.2992 0.2321 42.327 
59  53.79 151.49 1.5045 253.28 41.761 67.006 59.546 84.971 1.2522 1.2906 0.2305 42.046 
60  53.42 151.15 1.4977 252.57 41.474 66.545 59.136 85.416 1.2436 1.2817 0.2289 40.595 
61  53.05 150.82 1.4908 251.85 41.187 66.084 58.726 85.858 1.2350 1.2728 0.2274 40.314 
62  52.69 150.49 1.4841 251.15 40.907 65.635 58.328 86.282 1.2266 1.2642 0.2258 40.040 
63  52.51 150.53 1.4818 250.91 40.767 65.411 58.129 86.598 1.2224 1.2598 0.2250 39.904 
64  52.33 150.57 1.4794 250.66 40.628 65.187 57.929 86.914 1.2182 1.2555 0.2243 39.767 
65  52.15 150.60 1.4770 250.41 40.488 64.963 57.730 87.230 1.2140 1.2512 0.2235 39.630 
66  51.97 150.64 1.4747 250.16 40.348 64.739 57.531 87.544 1.2098 1.2469 0.2227 39.493 
67  51.79 150.68 1.4723 249.91 40.208 64.514 57.332 87.858 1.2056 1.2426 0.2220 39.357 
68  51.05 150.40 1.4604 248.66 39.634 63.593 56.512 88.916 1.1884 1.2248 0.2188 38.794 
69  50.32 150.12 1.4485 247.40 39.067 62.683 55.704 89.949 1.1714 1.2073 0.2157 38.239 
70  49.59 149.83 1.4367 246.14 38.500 61.774 54.896 90.971 1.1544 1.1898 0.2125 37.685 
71  48.85 149.55 1.4245 244.85 37.926 60.852 54.077 91.999 1.1372 1.1720 0.2094 37.122 
72  48.12 149.27 1.4125 243.57 37.359 59.943 53.269 93.001 1.1202 1.1545 0.2062 36.568 
73  47.74 149.18 1.4065 242.93 37.064 59.469 52.848 93.547 1.1114 1.1454 0.2046 36.279 
74  47.36 149.09 1.4005 242.28 36.769 58.996 52.428 94.089 1.1025 1.1363 0.2030 35.990 
75  46.98 149.00 1.3944 241.63 36.474 58.523 52.007 94.629 1.0937 1.1272 0.2013 35.701 
76  46.60 148.91 1.3884 240.98 36.179 58.049 51.586 95.165 1.0848 1.1181 0.1997 34.399 
77  46.22 148.82 1.3823 240.32 35.884 57.576 51.166 95.698 1.0760 1.1089 0.1981 34.119 
78  45.84 148.73 1.3762 239.66 35.589 57.102 50.745 96.228 1.0671 1.0998 0.1965 33.838 
79  45.46 148.64 1.3700 239.00 35.294 56.629 50.324 96.754 1.0583 1.0907 0.1948 33.558 
80  45.08 148.55 1.3639 238.34 34.999 56.156 49.904 97.278 1.0494 1.0816 0.1932 33.277 
81  44.70 148.46 1.3577 237.67 34.704 55.682 49.483 97.797 1.0406 1.0725 0.1916 32.997 
82  44.32 148.37 1.3515 236.99 34.409 55.209 49.062 98.314 1.0318 1.0633 0.1899 32.716 
83  43.94 148.28 1.3453 236.32 34.114 54.736 48.642 98.827 1.0229 1.0542 0.1883 32.436 
84  43.56 148.19 1.3391 235.64 33.819 54.262 48.221 99.336 1.0141 1.0451 0.1867 32.155 
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Age BW Bht BSA Q Q_brain Q_liver Q_kidney Q_Rest V_brain V_liver V_kidney V_Rest 
 (kg) (cm.) (m2) (L/h) (L/h) (L/h) (L/h) (L/h) (L) (L) (L) (L) 
             
85  43.18 148.10 1.3328 234.95 33.524 53.789 47.800 99.841 1.0052 1.0360 0.1851 31.875 
86  42.80 148.01 1.3265 234.27 33.229 53.316 47.380 100.343 0.9964 1.0269 0.1834 31.594 
87  42.42 147.92 1.3202 233.58 32.934 52.842 46.959 100.842 0.9875 1.0178 0.1818 31.314 
88  42.04 147.83 1.3139 232.88 32.639 52.369 46.538 101.336 0.9787 1.0086 0.1802 31.033 
89  41.66 147.74 1.3075 232.18 32.344 51.895 46.118 101.827 0.9698 0.9995 0.1785 30.753 
90  41.28 147.65 1.3012 231.48 32.049 51.422 45.697 102.313 0.9610 0.9904 0.1769 30.472 
91  40.90 147.56 1.2948 230.77 31.754 50.949 45.276 102.796 0.9521 0.9813 0.1753 29.747 
92  40.52 147.47 1.2884 230.06 31.459 50.475 44.856 103.275 0.9433 0.9722 0.1737 29.471 
93  40.14 147.38 1.2819 229.35 31.164 50.002 44.435 103.749 0.9344 0.9631 0.1720 29.194 
94  39.76 147.29 1.2754 228.63 30.869 49.529 44.014 104.220 0.9256 0.9539 0.1704 28.918 
95  39.38 147.20 1.2689 227.91 30.574 49.055 43.594 104.686 0.9167 0.9448 0.1688 28.642 
96  39.00 147.11 1.2624 227.18 30.279 48.582 43.173 105.148 0.9079 0.9357 0.1671 28.365 
97  38.62 147.02 1.2559 226.45 29.984 48.109 42.752 105.606 0.8991 0.9266 0.1655 28.089 
98  38.24 146.93 1.2493 225.71 29.689 47.635 42.332 106.059 0.8902 0.9175 0.1639 27.813 
99  37.86 146.84 1.2427 224.97 29.394 47.162 41.911 106.507 0.8814 0.9084 0.1623 27.536 
100  37.48 146.75 1.2361 224.23 29.098 46.688 41.490 106.951 0.8725 0.8992 0.1606 27.260 
 
 
 
Note: BW  = body weight 
 Bht  = body height 
 BSA  = body surface area 
 Q  = cardiac output 
 Q_brain = brain perfusion rate 
 Q_liver = liver perfusion rate 
 Q_kidney = kidney prfusion rate 
 Q_Rest  = blood flow to the rest of the body 
V_brain = volume of brain compartment 
V_liver  = volume of liver compartment 
V_kidney = volume of kidney compartment 
V_Rest  = volume of the rest of the body (i.e., the remainder) 
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Appendix B2 
 
PBPK Parameters for Thai Female Populations (2) 
 
 
   
Rest of the body 
Age BW muscle  skin fat heart lungs spleen intestine stomach skeleton hair other 
 (kg) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) 
             
1  9.82 0.8300 0.6200 2.2700 0.0450 0.1400 0.0260 0.1220 0.0230 0.7750 0.0080 2.2740 
2  12.09 1.1756 0.7661 2.8009 0.0553 0.1727 0.0322 0.1497 0.0288 0.9545 0.0101 2.7646 
3  14.03 1.6522 0.8890 2.9654 0.0641 0.2004 0.0374 0.1737 0.0334 1.1076 0.0117 3.2805 
4  15.01 1.9990 0.9511 2.8219 0.0686 0.2144 0.0400 0.1858 0.0357 1.1850 0.0125 3.6575 
5  16.95 2.3920 1.0740 2.8402 0.0775 0.2421 0.0452 0.2099 0.0404 1.3382 0.0141 4.4918 
6  19.73 2.9629 1.0062 3.1576 0.0902 0.2819 0.0526 0.2443 0.0470 1.5576 0.0164 5.5701 
7  21.02 3.3915 1.0720 3.4155 0.0961 0.3003 0.0561 0.2602 0.0500 1.6595 0.0175 5.7814 
8  23.06 4.1068 1.1761 4.0358 0.1054 0.3294 0.0615 0.2855 0.0549 1.8205 0.0192 5.8688 
9  26.84 5.4309 1.3688 5.2920 0.1227 0.3834 0.0716 0.3323 0.0639 2.1189 0.0224 5.7015 
10  32.10 7.3007 1.6371 7.1121 0.1467 0.4586 0.0856 0.3974 0.0764 2.5342 0.0268 5.3938 
11  36.23 8.9898 1.3800 8.8166 0.1656 0.5176 0.0966 0.4486 0.0863 2.8603 0.0302 5.2371 
12  39.61 10.5130 1.5088 10.3330 0.1811 0.5659 0.1056 0.4904 0.0943 3.1271 0.0330 4.5243 
13  42.76 11.5279 1.6288 10.6900 0.1955 0.6109 0.1140 0.5294 0.1018 3.3758 0.0356 5.3497 
14  46.95 12.8535 1.5195 11.2272 0.2146 0.6707 0.1252 0.5813 0.1118 3.7066 0.0391 6.5010 
15  46.33 12.9529 1.4994 11.0789 0.2118 0.6619 0.1235 0.5736 0.1103 3.6576 0.0386 6.2344 
16  47.04 13.1417 1.5224 11.2487 0.2150 0.6720 0.1254 0.5824 0.1120 3.7137 0.0392 6.3604 
17  48.32 13.2602 1.5638 12.0800 0.2209 0.6903 0.1289 0.5982 0.1150 3.8147 0.0403 6.3626 
18  50.23 13.4649 1.6256 12.5575 0.2296 0.7176 0.1339 0.6219 0.1196 3.9655 0.0419 6.8995 
19  51.01 15.6954 1.6230 13.3070 0.2332 0.7287 0.1360 0.6316 0.1215 4.0271 0.0425 4.4073 
20  51.80 15.9385 1.6482 13.5130 0.2368 0.7400 0.1381 0.6413 0.1233 4.0895 0.0432 4.4755 
21  52.58 16.1785 1.6730 13.7165 0.2404 0.7511 0.1402 0.6510 0.1252 4.1511 0.0438 4.5429 
22  53.36 16.4185 1.6978 13.9200 0.2439 0.7623 0.1423 0.6606 0.1270 4.2126 0.0445 4.6103 
23  53.55 16.4769 1.7039 13.9696 0.2448 0.7650 0.1428 0.6630 0.1275 4.2276 0.0446 4.6267 
24  53.74 16.5354 1.7099 14.0191 0.2457 0.7677 0.1433 0.6654 0.1280 4.2426 0.0448 4.6431 
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Age BW muscle  skin fat heart lungs spleen intestine stomach skeleton hair other 
 (kg) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) 
             
25  53.94 16.5969 1.7163 14.0713 0.2466 0.7706 0.1438 0.6678 0.1284 4.2584 0.0450 4.6604 
26  54.13 16.6554 1.7223 14.1209 0.2475 0.7733 0.1443 0.6702 0.1289 4.2734 0.0451 4.6768 
27  54.32 16.7138 1.7284 14.1704 0.2483 0.7760 0.1449 0.6725 0.1293 4.2884 0.0453 4.6932 
28  54.92 16.8985 1.7475 14.3270 0.2511 0.7846 0.1465 0.6800 0.1308 4.3358 0.0458 4.7451 
29  55.52 17.0831 1.7665 14.4835 0.2538 0.7931 0.1481 0.6874 0.1322 4.3832 0.0463 4.7969 
30  56.12 17.2677 1.7856 14.9450 0.2565 0.8017 0.1497 0.6948 0.1336 4.4305 0.0468 4.5682 
31  56.72 17.4523 1.8047 15.1048 0.2593 0.8103 0.1513 0.7022 0.1350 4.4779 0.0473 4.6170 
32  57.32 17.6369 1.8238 15.2646 0.2620 0.8189 0.1529 0.7097 0.1365 4.5253 0.0478 4.6658 
33  57.48 17.6862 1.8289 15.3072 0.2628 0.8211 0.1533 0.7117 0.1369 4.5379 0.0479 4.6789 
34  57.65 17.7385 1.8343 15.3524 0.2635 0.8236 0.1537 0.7138 0.1373 4.5513 0.0480 4.6927 
35  57.81 17.7877 1.8394 15.3951 0.2643 0.8259 0.1542 0.7157 0.1376 4.5639 0.0482 4.7057 
36  57.98 17.8400 1.8448 15.4403 0.2651 0.8283 0.1546 0.7178 0.1380 4.5774 0.0483 4.7196 
37  58.14 17.8892 1.8499 15.4829 0.2658 0.8306 0.1550 0.7198 0.1384 4.5900 0.0485 4.7326 
38  58.45 17.9846 1.8598 15.5655 0.2672 0.8350 0.1559 0.7237 0.1392 4.6145 0.0487 4.7578 
39  58.76 18.0800 1.8696 15.6480 0.2686 0.8394 0.1567 0.7275 0.1399 4.6389 0.0490 4.7831 
40  59.07 18.1754 1.8795 16.6937 0.2700 0.8439 0.1575 0.7313 0.1406 4.6634 0.0492 3.9222 
41  59.38 18.2708 1.8894 16.7813 0.2715 0.8483 0.1583 0.7352 0.1414 4.6879 0.0495 3.9428 
42  59.69 18.3662 1.8992 16.8689 0.2729 0.8527 0.1592 0.7390 0.1421 4.7124 0.0497 3.9634 
43  59.39 18.2738 1.8897 16.7841 0.2715 0.8484 0.1584 0.7353 0.1414 4.6887 0.0495 3.9435 
44  59.10 18.1846 1.8805 16.7022 0.2702 0.8443 0.1576 0.7317 0.1407 4.6658 0.0493 3.9242 
45  58.80 18.0923 1.8709 16.6174 0.2688 0.8400 0.1568 0.7280 0.1400 4.6421 0.0490 3.9043 
46  58.51 18.0031 1.8617 16.5354 0.2675 0.8359 0.1560 0.7244 0.1393 4.6192 0.0488 3.8851 
47  58.21 17.9108 1.8521 16.4507 0.2661 0.8316 0.1552 0.7207 0.1386 4.5955 0.0485 3.8651 
48  58.34 17.9508 1.8563 16.4874 0.2667 0.8334 0.1556 0.7223 0.1389 4.6058 0.0486 3.8738 
49  58.47 17.9908 1.8604 16.5241 0.2673 0.8353 0.1559 0.7239 0.1392 4.6161 0.0487 3.8824 
50  58.59 18.0277 1.8642 17.8317 0.2678 0.8370 0.1562 0.7254 0.1395 4.6255 0.0488 2.7186 
51  58.72 18.0677 1.8684 17.8713 0.2684 0.8389 0.1566 0.7270 0.1398 4.6358 0.0489 2.7246 
52  58.85 18.1077 1.8725 17.9109 0.2690 0.8407 0.1569 0.7286 0.1401 4.6461 0.0490 2.7306 
53  57.98 17.8400 1.8448 17.6461 0.2651 0.8283 0.1546 0.7178 0.1380 4.5774 0.0483 2.6903 
54  57.12 17.5754 1.8175 17.3843 0.2611 0.8160 0.1523 0.7072 0.1360 4.5095 0.0476 2.6504 
55  56.25 17.3077 1.7898 18.3424 0.2571 0.8036 0.1500 0.6964 0.1339 4.4408 0.0469 1.4850 
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Age BW muscle  skin fat heart lungs spleen intestine stomach skeleton hair other 
 (kg) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) 
             
56  55.38 17.0400 1.7621 18.0587 0.2532 0.7911 0.1477 0.6857 0.1319 4.3721 0.0462 1.4620 
57  54.52 16.7754 1.7347 17.7783 0.2492 0.7789 0.1454 0.6750 0.1298 4.3042 0.0454 1.4393 
58  54.15 16.6615 1.7230 17.6576 0.2475 0.7736 0.1444 0.6704 0.1289 4.2750 0.0451 1.4296 
59  53.79 16.5508 1.7115 17.5402 0.2459 0.7684 0.1434 0.6660 0.1281 4.2466 0.0448 1.4201 
60  53.42 16.4369 1.6997 16.2583 0.2442 0.7631 0.1425 0.6614 0.1272 4.2174 0.0445 2.4787 
61  53.05 16.3231 1.6880 16.1457 0.2425 0.7579 0.1415 0.6568 0.1263 4.1882 0.0442 2.4615 
62  52.69 16.2123 1.6765 16.0361 0.2409 0.7527 0.1405 0.6524 0.1255 4.1597 0.0439 2.4448 
63  52.51 16.1569 1.6708 15.9813 0.2400 0.7501 0.1400 0.6501 0.1250 4.1455 0.0438 2.4365 
64  52.33 16.1015 1.6650 15.9265 0.2392 0.7476 0.1395 0.6479 0.1246 4.1313 0.0436 2.4281 
65  52.15 16.0462 1.6593 15.8717 0.2384 0.7450 0.1391 0.6457 0.1242 4.1171 0.0435 2.4198 
66  51.97 15.9908 1.6536 15.8170 0.2376 0.7424 0.1386 0.6434 0.1237 4.1029 0.0433 2.4114 
67  51.79 15.9354 1.6479 15.7622 0.2368 0.7399 0.1381 0.6412 0.1233 4.0887 0.0432 2.4031 
68  51.05 15.7077 1.6243 15.5370 0.2334 0.7293 0.1361 0.6320 0.1215 4.0303 0.0425 2.3687 
69  50.32 15.4831 1.6011 15.3148 0.2300 0.7189 0.1342 0.6230 0.1198 3.9726 0.0419 2.3348 
70  49.59 15.2585 1.5779 15.0926 0.2267 0.7084 0.1322 0.6140 0.1181 3.9150 0.0413 2.3010 
71  48.85 15.0308 1.5543 14.8674 0.2233 0.6979 0.1303 0.6048 0.1163 3.8566 0.0407 2.2666 
72  48.12 14.8062 1.5311 14.6452 0.2200 0.6874 0.1283 0.5958 0.1146 3.7989 0.0401 2.2328 
73  47.74 14.6892 1.5190 14.5296 0.2182 0.6820 0.1273 0.5911 0.1137 3.7689 0.0398 2.2151 
74  47.36 14.5723 1.5069 14.4139 0.2165 0.6766 0.1263 0.5864 0.1128 3.7389 0.0395 2.1975 
75  46.98 14.4554 1.4948 14.2983 0.2148 0.6711 0.1253 0.5817 0.1119 3.7089 0.0392 2.1799 
76  46.60 14.3385 1.4827 13.1696 0.2130 0.6657 0.1243 0.5770 0.1110 3.6789 0.0388 3.0942 
77  46.22 14.2215 1.4706 13.0622 0.2113 0.6603 0.1233 0.5722 0.1100 3.6489 0.0385 3.0690 
78  45.84 14.1046 1.4585 12.9548 0.2096 0.6549 0.1222 0.5675 0.1091 3.6189 0.0382 3.0438 
79  45.46 13.9877 1.4465 12.8474 0.2078 0.6494 0.1212 0.5628 0.1082 3.5889 0.0379 3.0185 
80  45.08 13.8708 1.4344 12.7400 0.2061 0.6440 0.1202 0.5581 0.1073 3.5589 0.0376 2.9933 
81  44.70 13.7538 1.4223 12.6326 0.2043 0.6386 0.1192 0.5534 0.1064 3.5289 0.0373 2.9681 
82  44.32 13.6369 1.4102 12.5252 0.2026 0.6331 0.1182 0.5487 0.1055 3.4989 0.0369 2.9428 
83  43.94 13.5200 1.3981 12.4178 0.2009 0.6277 0.1172 0.5440 0.1046 3.4689 0.0366 2.9176 
84  43.56 13.4031 1.3860 12.3104 0.1991 0.6223 0.1162 0.5393 0.1037 3.4389 0.0363 2.8924 
85  43.18 13.2862 1.3739 12.2030 0.1974 0.6169 0.1151 0.5346 0.1028 3.4089 0.0360 2.8672 
86  42.80 13.1692 1.3618 12.0957 0.1957 0.6114 0.1141 0.5299 0.1019 3.3789 0.0357 2.8419 
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Age BW muscle  skin fat heart lungs spleen intestine stomach skeleton hair other 
 (kg) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) (L) 
             
87  42.42 13.0523 1.3497 11.9883 0.1939 0.6060 0.1131 0.5252 0.1010 3.3489 0.0354 2.8167 
88  42.04 12.9354 1.3376 11.8809 0.1922 0.6006 0.1121 0.5205 0.1001 3.3189 0.0350 2.7915 
89  41.66 12.8185 1.3255 11.7735 0.1904 0.5951 0.1111 0.5158 0.0992 3.2889 0.0347 2.7662 
90  41.28 12.7015 1.3135 11.6661 0.1887 0.5897 0.1101 0.5111 0.0983 3.2589 0.0344 2.7410 
91  40.90 12.5846 1.3014 11.1141 0.1870 0.5843 0.1091 0.5064 0.0974 3.2289 0.0341 3.1248 
92  40.52 12.4677 1.2893 11.0109 0.1852 0.5789 0.1081 0.5017 0.0965 3.1989 0.0338 3.0957 
93  40.14 12.3508 1.2772 10.9076 0.1835 0.5734 0.1070 0.4970 0.0956 3.1689 0.0335 3.0667 
94  39.76 12.2338 1.2651 10.8043 0.1818 0.5680 0.1060 0.4923 0.0947 3.1389 0.0331 3.0377 
95  39.38 12.1169 1.2530 10.7011 0.1800 0.5626 0.1050 0.4876 0.0938 3.1089 0.0328 3.0086 
96  39.00 12.0000 1.2409 10.5978 0.1783 0.5571 0.1040 0.4829 0.0929 3.0789 0.0325 2.9796 
97  38.62 11.8831 1.2288 10.4946 0.1765 0.5517 0.1030 0.4782 0.0920 3.0489 0.0322 2.9506 
98  38.24 11.7662 1.2167 10.3913 0.1748 0.5463 0.1020 0.4734 0.0910 3.0189 0.0319 2.9215 
99  37.86 11.6492 1.2046 10.2880 0.1731 0.5409 0.1010 0.4687 0.0901 2.9889 0.0315 2.8925 
100  37.48 11.5323 1.1925 10.1848 0.1713 0.5354 0.0999 0.4640 0.0892 2.9589 0.0312 2.8635 
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Appendix B3 
 
NOAELs and SfDs for Methylmercury for Thai Female Populations 
 
 
Age BW Bht BSA Q NOAEL SfD1 SfD2 
 (kg) (cm.) (m2) (L/h) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) 
           
1  9.82 78.22 0.4619 121.80 0.007370 0.07237 0.007370 0.07237 0.002457 0.02412 
2  12.09 87.54 0.5422 134.53 0.006630 0.08016 0.006630 0.08016 0.002210 0.02672 
3  14.03 95.25 0.6093 144.61 0.006330 0.08881 0.006330 0.08881 0.002110 0.02960 
4  15.01 101.08 0.6492 150.42 0.006000 0.09006 0.006000 0.09006 0.002000 0.03002 
5  16.95 107.65 0.7119 159.27 0.005464 0.09261 0.005464 0.09261 0.001821 0.03087 
6  19.73 115.03 0.7940 170.42 0.004910 0.09687 0.004910 0.09687 0.001637 0.03229 
7  21.02 119.50 0.8353 175.86 0.004845 0.10184 0.004845 0.10184 0.001615 0.03395 
8  23.06 124.24 0.8921 183.18 0.004750 0.10954 0.004750 0.10954 0.001583 0.03651 
9  26.84 130.50 0.9864 194.96 0.004398 0.11804 0.004398 0.11804 0.001466 0.03935 
10  32.10 137.62 1.1078 209.50 0.003816 0.12249 0.003816 0.12249 0.001272 0.04083 
11  36.23 143.48 1.2017 220.34 0.003515 0.12735 0.003515 0.12735 0.001172 0.04245 
12  39.61 147.62 1.2745 228.52 0.003370 0.13349 0.003370 0.13349 0.001123 0.04450 
13  42.76 151.38 1.3409 235.84 0.003147 0.13457 0.003147 0.13457 0.001049 0.04486 
14  46.95 154.56 1.4198 244.34 0.003062 0.14376 0.003062 0.14376 0.001021 0.04792 
15  46.33 152.49 1.4009 242.32 0.003115 0.14432 0.003115 0.14432 0.001038 0.04811 
16  47.04 153.91 1.4181 244.17 0.003088 0.14526 0.003088 0.14526 0.001029 0.04842 
17  48.32 155.79 1.4460 247.14 0.003065 0.14810 0.003065 0.14810 0.001022 0.04937 
18  50.23 153.80 1.4649 249.13 0.003076 0.15451 0.003076 0.15451 0.001025 0.05150 
19  51.01 153.96 1.4770 250.41 0.003110 0.15864 0.003110 0.15864 0.001037 0.05288 
20  51.80 154.13 1.4892 251.68 0.003116 0.16141 0.003116 0.16141 0.001039 0.05380 
21  52.58 154.29 1.5012 252.94 0.003105 0.16326 0.003105 0.16326 0.001035 0.05442 
22  53.36 154.45 1.5130 254.18 0.003103 0.16558 0.003103 0.16558 0.001034 0.05519 
23  53.55 154.32 1.5151 254.39 0.003100 0.16601 0.003100 0.16601 0.001033 0.05534 
24  53.74 154.19 1.5172 254.61 0.003108 0.16702 0.003108 0.16702 0.001036 0.05567 
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Age BW Bht BSA Q NOAEL SfD1 SfD2 
 (kg) (cm.) (m2) (L/h) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) 
           
25  53.94 154.07 1.5193 254.83 0.003108 0.16765 0.003108 0.16765 0.001036 0.05588 
26  54.13 153.94 1.5214 255.05 0.003108 0.16824 0.003108 0.16824 0.001036 0.05608 
27  54.32 153.81 1.5234 255.26 0.003108 0.16883 0.003108 0.16883 0.001036 0.05628 
28  54.92 153.83 1.5319 256.14 0.003100 0.17025 0.003100 0.17025 0.001033 0.05675 
29  55.52 153.85 1.5404 257.01 0.003100 0.17211 0.003100 0.17211 0.001033 0.05737 
30  56.12 153.88 1.5488 257.88 0.003090 0.17341 0.003090 0.17341 0.001030 0.05780 
31  56.72 153.90 1.5572 258.75 0.003090 0.17526 0.003090 0.17526 0.001030 0.05842 
32  57.32 153.92 1.5655 259.60 0.003090 0.17712 0.003090 0.17712 0.001030 0.05904 
33  57.48 153.90 1.5676 259.82 0.003110 0.17876 0.003110 0.17876 0.001037 0.05959 
34  57.65 153.89 1.5698 260.05 0.003109 0.17923 0.003109 0.17923 0.001036 0.05974 
35  57.81 153.87 1.5719 260.26 0.003113 0.17996 0.003113 0.17996 0.001038 0.05999 
36  57.98 153.86 1.5741 260.49 0.003110 0.18032 0.003110 0.18032 0.001037 0.06011 
37  58.14 153.84 1.5762 260.71 0.003112 0.18093 0.003112 0.18093 0.001037 0.06031 
38  58.45 153.74 1.5799 261.08 0.003111 0.18184 0.003111 0.18184 0.001037 0.06061 
39  58.76 153.64 1.5836 261.46 0.003113 0.18292 0.003113 0.18292 0.001038 0.06097 
40  59.07 153.54 1.5872 261.83 0.003111 0.18377 0.003111 0.18377 0.001037 0.06126 
41  59.38 153.44 1.5909 262.21 0.003112 0.18479 0.003112 0.18479 0.001037 0.06160 
42  59.69 153.34 1.5945 262.58 0.003113 0.18581 0.003113 0.18581 0.001038 0.06194 
43  59.39 153.21 1.5898 262.10 0.003113 0.18488 0.003113 0.18488 0.001038 0.06163 
44  59.10 153.08 1.5852 261.63 0.003111 0.18386 0.003111 0.18386 0.001037 0.06129 
45  58.80 152.94 1.5805 261.15 0.003110 0.18287 0.003110 0.18287 0.001037 0.06096 
46  58.51 152.81 1.5760 260.68 0.003110 0.18197 0.003110 0.18197 0.001037 0.06066 
47  58.21 152.68 1.5712 260.19 0.003109 0.18097 0.003109 0.18097 0.001036 0.06032 
48  58.34 152.67 1.5729 260.37 0.003109 0.18138 0.003109 0.18138 0.001036 0.06046 
49  58.47 152.65 1.5746 260.54 0.003109 0.18178 0.003109 0.18178 0.001036 0.06059 
50  58.59 152.64 1.5761 260.70 0.003110 0.18221 0.003110 0.18221 0.001037 0.06074 
51  58.72 152.62 1.5778 260.87 0.003112 0.18274 0.003112 0.18274 0.001037 0.06091 
52  58.85 152.61 1.5795 261.04 0.003113 0.18320 0.003113 0.18320 0.001038 0.06107 
53  57.98 152.52 1.5673 259.79 0.003110 0.18032 0.003110 0.18032 0.001037 0.06011 
54  57.12 152.43 1.5552 258.54 0.003130 0.17879 0.003130 0.17879 0.001043 0.05960 
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Age BW Bht BSA Q NOAEL SfD1 SfD2 
 (kg) (cm.) (m2) (L/h) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) 
           
56  55.38 152.24 1.5304 255.98 0.003112 0.17234 0.003112 0.17234 0.001037 0.05745 
57  54.52 152.15 1.5180 254.69 0.003113 0.16972 0.003113 0.16972 0.001038 0.05657 
58  54.15 151.82 1.5112 253.98 0.003112 0.16851 0.003112 0.16851 0.001037 0.05617 
59  53.79 151.49 1.5045 253.28 0.003111 0.16734 0.003111 0.16734 0.001037 0.05578 
60  53.42 151.15 1.4977 252.57 0.003110 0.16614 0.003110 0.16614 0.001037 0.05538 
61  53.05 150.82 1.4908 251.85 0.003113 0.16514 0.003113 0.16514 0.001038 0.05505 
62  52.69 150.49 1.4841 251.15 0.003112 0.16397 0.003112 0.16397 0.001037 0.05466 
63  52.51 150.53 1.4818 250.91 0.003110 0.16331 0.003110 0.16331 0.001037 0.05444 
64  52.33 150.57 1.4794 250.66 0.003110 0.16275 0.003110 0.16275 0.001037 0.05425 
65  52.15 150.60 1.4770 250.41 0.003111 0.16224 0.003111 0.16224 0.001037 0.05408 
66  51.97 150.64 1.4747 250.16 0.003100 0.16111 0.003100 0.16111 0.001033 0.05370 
67  51.79 150.68 1.4723 249.91 0.003100 0.16055 0.003100 0.16055 0.001033 0.05352 
68  51.05 150.40 1.4604 248.66 0.003112 0.15887 0.003112 0.15887 0.001037 0.05296 
69  50.32 150.12 1.4485 247.40 0.003112 0.15660 0.003112 0.15660 0.001037 0.05220 
70  49.59 149.83 1.4367 246.14 0.003100 0.15373 0.003100 0.15373 0.001033 0.05124 
71  48.85 149.55 1.4245 244.85 0.003100 0.15144 0.003100 0.15144 0.001033 0.05048 
72  48.12 149.27 1.4125 243.57 0.003100 0.14917 0.003100 0.14917 0.001033 0.04972 
73  47.74 149.18 1.4065 242.93 0.003100 0.14799 0.003100 0.14799 0.001033 0.04933 
74  47.36 149.09 1.4005 242.28 0.003100 0.14682 0.003100 0.14682 0.001033 0.04894 
75  46.98 149.00 1.3944 241.63 0.003110 0.14611 0.003110 0.14611 0.001037 0.04870 
76  46.60 148.91 1.3884 240.98 0.003110 0.14493 0.003110 0.14493 0.001037 0.04831 
77  46.22 148.82 1.3823 240.32 0.003110 0.14374 0.003110 0.14374 0.001037 0.04791 
78  45.84 148.73 1.3762 239.66 0.003113 0.14270 0.003113 0.14270 0.001038 0.04757 
79  45.46 148.64 1.3700 239.00 0.003113 0.14152 0.003113 0.14152 0.001038 0.04717 
80  45.08 148.55 1.3639 238.34 0.003113 0.14033 0.003113 0.14033 0.001038 0.04678 
81  44.70 148.46 1.3577 237.67 0.003113 0.13915 0.003113 0.13915 0.001038 0.04638 
82  44.32 148.37 1.3515 236.99 0.003113 0.13797 0.003113 0.13797 0.001038 0.04599 
83  43.94 148.28 1.3453 236.32 0.003115 0.13687 0.003115 0.13687 0.001038 0.04562 
84  43.56 148.19 1.3391 235.64 0.003115 0.13569 0.003115 0.13569 0.001038 0.04523 
85  43.18 148.10 1.3328 234.95 0.003118 0.13464 0.003118 0.13464 0.001039 0.04488 
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Age BW Bht BSA Q NOAEL SfD1  SfD2 
 (kg) (cm.) (m2) (L/h) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) (mg/kg/d) (mg/day) 
           
86  42.80 148.01 1.3265 234.27 0.003118 0.13345 0.003118 0.13345 0.001039 0.04448 
87  42.42 147.92 1.3202 233.58 0.003120 0.13235 0.003120 0.13235 0.001040 0.04412 
88  42.04 147.83 1.3139 232.88 0.003120 0.13116 0.003120 0.13116 0.001040 0.04372 
89  41.66 147.74 1.3075 232.18 0.003120 0.12998 0.003120 0.12998 0.001040 0.04333 
90  41.28 147.65 1.3012 231.48 0.003120 0.12879 0.003120 0.12879 0.001040 0.04293 
91  40.90 147.56 1.2948 230.77 0.003120 0.12761 0.003120 0.12761 0.001040 0.04254 
92  40.52 147.47 1.2884 230.06 0.003120 0.12642 0.003120 0.12642 0.001040 0.04214 
93  40.14 147.38 1.2819 229.35 0.003122 0.12532 0.003122 0.12532 0.001041 0.04177 
94  39.76 147.29 1.2754 228.63 0.003122 0.12413 0.003122 0.12413 0.001041 0.04138 
95  39.38 147.20 1.2689 227.91 0.003122 0.12294 0.003122 0.12294 0.001041 0.04098 
96  39.00 147.11 1.2624 227.18 0.003122 0.12176 0.003122 0.12176 0.001041 0.04059 
97  38.62 147.02 1.2559 226.45 0.003122 0.12057 0.003122 0.12057 0.001041 0.04019 
98  38.24 146.93 1.2493 225.71 0.003122 0.11939 0.003122 0.11939 0.001041 0.03980 
99  37.86 146.84 1.2427 224.97 0.003122 0.11820 0.003122 0.11820 0.001041 0.03940 
100  37.48 146.75 1.2361 224.23 0.003122 0.11701 0.003122 0.11701 0.001041 0.03900 
 
_____________________________________________________________________________________________________________________  
 
Note:  
 
NOAEL = the no observed adverse effect level 
SfD1 = safe dose based on NOAEL only 
SfD2 = safe dose based on NOAEL and uncertainty factor 3 
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Appendix C1 
 
Equations for PBPK STELLA® Models 
1. Rat model for validation. 
 
BLOOD(t) = BLOOD(t - dt) + (Vein - Artery) * dt 
INIT BLOOD = 0 {mg} 
 
INFLOWS: 
Vein = BrainVein+KidneyVein+LiverVein+RestVein {mg/day} 
OUTFLOWS: 
Artery = BLOOD {mg/day} 
BRAIN(t) = BRAIN(t - dt) + (BrainArtery - BrainVein) * dt 
INIT BRAIN = 0 {mg} 
 
INFLOWS: 
BrainArtery = Artery*F_Qbrain {mg/day} 
OUTFLOWS: 
BrainVein = (BRAIN/P_brain)*(0.026*Q_or__Vblood_per_d/V_brain) {mg/day} 
KIDNEY(t) = KIDNEY(t - dt) + (KidneyArtery - KidneyVein) * dt 
INIT KIDNEY = 0 {mg} 
 
INFLOWS: 
KidneyArtery = Artery*F_Qkidney 
OUTFLOWS: 
KidneyVein = (KIDNEY/P_kidney)*(0.19*Q_or__Vblood_per_d/V_kidney) {mg/day} 
LIVER(t) = LIVER(t - dt) + (LiverArtery + uptake - LiverVein - elimination) * dt 
INIT LIVER = 0 {mg} 
 
INFLOWS: 
LiverArtery = Artery*F_Qliver {mg/day} 
uptake = DOSE*BW*f_abs {mg/day} 
OUTFLOWS: 
LiverVein = (LIVER/P_liver)*(0.221*Q_or__Vblood_per_d/V_liver) {mg/day} 
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elimination = LIVER*(demethylation+biliary_clearance) {mg/day} 
REST(t) = REST(t - dt) + (RestArtery - RestVein) * dt 
INIT REST = 0 {mg} 
 
INFLOWS: 
RestArtery = Artery*F_Qrest {mg/day} 
OUTFLOWS: 
RestVein = (REST/P_rest)*(.56*Q_or__Vblood_per_d/V_Rest) 
biliary_clearance = .038 {/day} 
blood_density = 1.056  {kg/L} 
brain_density = 1.036 {kg/L} 
BW = .075 {kg} 
C_blood = BLOOD/V_blood  {mg/L} 
C_brain = BRAIN/V_brain {mg/L_brain} 
C_brain_ug_g = (C_brain*1000)/(1036)  {ug/g_brain} 
C_kidney = KIDNEY/V_kidney {mg/L_kidney} 
C_liver = LIVER/V_liver {mg/L_liver} 
demethylation = 1.58 {/day} 
DOSE = 0.75 {mg/kgBW/day} 
f_abs = .95 
F_Qbrain = .026 
F_Qkidney = .19 
F_Qliver = .221 
F_Qrest = .563 
kidney_density = 1.050  {kg/L or g/cm3} 
liver_density = 1.067 {kg/L} 
P_brain = .097 
P_kidney = 1.56 
P_liver = .157 
P_rest = 2.17 
Q_or__Vblood_per_d = 15*(BW^.75)*(24)   {L/day} 
Rest_density = 1.5 {kg/L} 
V_blood = 0.074*BW/blood_density  {L} 
V_brain = .0083*BW/brain_density {L} 
V_kidney = .0091*BW/kidney_density {L} 
V_liver = .0516*BW/liver_density {L} 
V_Rest = .857*BW/Rest_density {L} 
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2. Rat model for prediction (Example of a 250-g rat) 
 
BLOOD(t) = BLOOD(t - dt) + (Vein - Artery) * dt 
INIT BLOOD = 0 {mg} 
 
INFLOWS: 
Vein = BrainVein+KidneyVein+LiverVein+RestVein {mg/day} 
OUTFLOWS: 
Artery = BLOOD {mg/day} 
BRAIN(t) = BRAIN(t - dt) + (BrainArtery - BrainVein) * dt 
INIT BRAIN = 0 {mg} 
 
INFLOWS: 
BrainArtery = Artery*F_Qbrain {mg/day} 
OUTFLOWS: 
BrainVein = (BRAIN/P_brain)*(0.026*Q_or__Vblood_per_d/V_brain) {mg/day} 
KIDNEY(t) = KIDNEY(t - dt) + (KidneyArtery - KidneyVein) * dt 
INIT KIDNEY = 0 {mg} 
 
INFLOWS: 
KidneyArtery = Artery*F_Qkidney 
OUTFLOWS: 
KidneyVein = (KIDNEY/P_kidney)*(0.19*Q_or__Vblood_per_d/V_kidney) {mg/day} 
LIVER(t) = LIVER(t - dt) + (LiverArtery + uptake - LiverVein - elimination) * dt 
INIT LIVER = 0 {mg} 
 
INFLOWS: 
LiverArtery = Artery*F_Qliver {mg/day} 
uptake = NOAEL*BW*f_abs {mg/day} 
OUTFLOWS: 
LiverVein = (LIVER/P_liver)*(0.221*Q_or__Vblood_per_d/V_liver) {mg/day} 
elimination = LIVER*(demethylation+biliary_clearance) {mg/day} 
REST(t) = REST(t - dt) + (RestArtery - RestVein) * dt 
INIT REST = 0 {mg} 
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INFLOWS: 
RestArtery = Artery*F_Qrest {mg/day} 
OUTFLOWS: 
RestVein = (REST/P_rest)*(.56*Q_or__Vblood_per_d/V_Rest) 
biliary_clearance = .038 {/day} 
blood_density = 1.056  {kg/L} 
brain_density = 1.036 {kg/L} 
BW = .250 {kg} 
C_blood = BLOOD/V_blood  {mg/L} 
C_brain = BRAIN/V_brain {mg/L_brain} 
C_brain_ug_g = (C_brain*1000)/(1036)  {ug/g_brain} 
C_kidney = KIDNEY/V_kidney {mg/L_kidney} 
C_liver = LIVER/V_liver {mg/L_liver} 
demethylation = 1.58 {/day} 
f_abs = .95 
F_Qbrain = .026 
F_Qkidney = .19 
F_Qliver = .221 
F_Qrest = .56 
kidney_density = 1.050  {kg/L or g/cm3} 
liver_density = 1.067 {kg/L} 
NOAEL = 0.1 {mg/kgBW/day} 
P_brain = .097 
P_kidney = 1.56 
P_liver = .157 
P_rest = 2.17 
Q_or__Vblood_per_d = 15*(BW^.75)*(24)   {L/day} 
Rest_density = 1.5 {kg/L} 
V_blood = 0.074*BW/blood_density  {L} 
V_brain = .0083*BW/brain_density {L} 
V_kidney = .0091*BW/kidney_density {L} 
V_liver = .0516*BW/liver_density {L} 
V_Rest = .857*BW/Rest_density {L} 
 
 
3. Dugong model for prediction (Example of a 300-kg dugong) 
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BLOOD(t) = BLOOD(t - dt) + (Vein - Artery) * dt 
INIT BLOOD = 0 {g} 
 
INFLOWS: 
Vein = BrainVein+KidneyVein+LiverVein+RestVein {g/day} 
OUTFLOWS: 
Artery = BLOOD {g/day} 
BRAIN(t) = BRAIN(t - dt) + (BrainArtery - BrainVein) * dt 
INIT BRAIN = 0 {g} 
 
INFLOWS: 
BrainArtery = Artery*F_Qbrain {g/day} 
OUTFLOWS: 
BrainVein = (BRAIN/P_brain)*(F_Qbrain*Q_or__Vblood_per_d/V_brain) {g/day} 
KIDNEY(t) = KIDNEY(t - dt) + (KidneyArtery - KidneyVein) * dt 
INIT KIDNEY = 0 {g} 
 
INFLOWS: 
KidneyArtery = Artery*F_Qkidney {g/day} 
OUTFLOWS: 
KidneyVein = (KIDNEY/P_kidney)*(F_Qkidney*Q_or__Vblood_per_d/V_kidney) {g/day} 
LIVER(t) = LIVER(t - dt) + (LiverArtery + uptake - LiverVein - elimination) * dt 
INIT LIVER = 0 {g} 
 
INFLOWS: 
LiverArtery = Artery*F_Qliver {g/day} 
uptake = NOAEL*BW*f_abs {g/day} 
OUTFLOWS: 
LiverVein = (LIVER/P_liver)*(F_Qliver*Q_or__Vblood_per_d/V_liver) {g/day} 
elimination = (LIVER*demethylation)+(LIVER*biliary_clearance) {g/day} 
REST(t) = REST(t - dt) + (RestArtery - RestVein) * dt 
INIT REST = 0 {g} 
 
INFLOWS: 
RestArtery = Artery*F_Qrest {g/day} 
OUTFLOWS: 
RestVein = (REST/P_rest)*(F_Qrest*Q_or__Vblood_per_d/V_Rest) {g/day} 
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biliary_clearance = .191 {/day} 
blood_density = 1.056  {kg/L} 
brain_density = 1.036 {kg/L} 
BW = 300 {kg} 
C_blood = BLOOD/V_blood  {g/L} 
C_brain = BRAIN/V_brain {g/L_brain} 
C_brain_mg_g = (C_brain*1000)/(1036)  {mg/g_brain} 
C_kidney = KIDNEY/V_kidney {g/L_kidney} 
C_liver = LIVER/V_liver {g/L_liver} 
demethylation = .285 {/day} 
f_abs = .95 
F_Qbrain = .0109 
F_Qkidney = .20 
F_Qliver = .1974 
F_Qrest = .59 
kidney_density = 1.050  {kg/L} 
liver_density = 1.067 {kg/L} 
NOAEL = 0.00975*(1/1000) {g/kgBW/day} 
P_brain = .620 
P_kidney = 4.897 
P_liver = 2.078 
P_rest = 1.658 
Q_or__Vblood_per_d = .187*(BW^.81)*(60)*(24)   {L/day} 
Rest_density = 1.5 {kg/L} 
V_blood = 0.1800*BW/blood_density  {L} 
V_brain = .0009*BW/brain_density {L} 
V_kidney = .0023*BW/kidney_density {L} 
V_liver = .0120*BW/liver_density {L} 
V_Rest = .8048*BW/Rest_density {L} 
 
 
4. Human model for prediction (Example of a 15-years-old Thai male) 
 
BLOOD(t) = BLOOD(t - dt) + (Vein - Artery) * dt 
INIT BLOOD = 0 {g} 
 
INFLOWS: 
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Vein = BrainVein+KidneyVein+LiverVein+RestVein {mg/day} 
OUTFLOWS: 
Artery = BLOOD {g/day} 
BRAIN(t) = BRAIN(t - dt) + (BrainArtery - BrainVein) * dt 
INIT BRAIN = 0 {g} 
 
INFLOWS: 
BrainArtery = Artery*F_Qbrain {g/day} 
OUTFLOWS: 
BrainVein = (BRAIN/P_brain)*(F_Qbrain*Q_Cardiac_output__or_Vblood_per_day/V_brain) {g/day} 
KIDNEY(t) = KIDNEY(t - dt) + (KidneyArtery - KidneyVein) * dt 
INIT KIDNEY = 0 {g} 
 
INFLOWS: 
KidneyArtery = Artery*F_Qkidney 
OUTFLOWS: 
KidneyVein = (KIDNEY/P_kidney)*(F_Qkidney*Q_Cardiac_output__or_Vblood_per_day/V_kidney) {g/day} 
LIVER(t) = LIVER(t - dt) + (LiverArtery + uptake - LiverVein - elimination) * dt 
INIT LIVER = 0 {g} 
 
INFLOWS: 
LiverArtery = Artery*F_Qliver {g/day} 
uptake = NOAEL*(1/1000)*BW_body_weight*f_abs {g/d} 
OUTFLOWS: 
LiverVein = (LIVER/P_liver)*(F_Qliver*Q_Cardiac_output__or_Vblood_per_day/V_liver) {g/day} 
elimination = (LIVER*demethylation)+(LIVER*biliary_clearance) {g/day} 
REST(t) = REST(t - dt) + (RestArtery - RestVein) * dt 
INIT REST = 0 {g} 
 
INFLOWS: 
RestArtery = Artery*F_Qrest {g/day} 
OUTFLOWS: 
RestVein = (REST/P_rest)*(F_Qrest*Q_Cardiac_output__or_Vblood_per_day/V_Rest)  {g/d} 
biliary_clearance = .001 {/day} 
blood_density = 1.056  {kg/L} 
body_height = 159.52 {cm} 
body_surface_area = ((BW_body_weight*body_height)/3600)^.5   {m2} 
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brain_density = 1.036 {kg/L} 
BW_body_weight = 52.08 {kg} 
C_blood = BLOOD/V_blood  {g/L} 
C_brain = BRAIN/V_brain {g/L_brain} 
C_brain_mg_g = (C_brain*1000)/(1036)  {g/g_brain} 
C_kidney = KIDNEY/V_kidney {g/L_kidney} 
C_liver = LIVER/V_liver {g/L_liver} 
demethylation = .107 {/day} 
f_abs = .95 
f_brain_wt = .0258 
f_kidney_wt = .0043 
f_liver_wt = .0252 
F_Qbrain = 0.1746 
F_Qkidney = 0.2162 
F_Qliver = 0.2506 
F_Qrest = 0.3583113 
f_Rest_wt = 0.8573 
kidney_density = 1.050  {kg/L} 
liver_density = 1.067 {kg/L} 
NOAEL = 0.0030 {mg/kgBW/day} 
NOAEL_for_this_age = NOAEL*BW_body_weight  {mg/day} 
P_brain = 3.00 
P_kidney = 4.00 
P_liver = 5.00 
P_rest = 1.50 
Q_Cardiac_output__or_Vblood_per_day = 3277*(body_surface_area^.62)*(24*60/1000)  {L/d} 
Rest_density = 1.5 {kg/L} 
V_blood = (8.84/100)*BW_body_weight/blood_density  {L} 
V_brain = f_brain_wt*BW_body_weight/brain_density  {L} 
V_kidney = f_kidney_wt*BW_body_weight/kidney_density {L} 
V_liver = f_liver_wt*BW_body_weight/liver_density  {L} 
V_Rest = f_Rest_wt*BW_body_weight/Rest_density  {L} 
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Appendix C2 
Sensitivity Analysis for PBPK Model Parameters 
 
Rat 200g     Cbrain NOAEL  SR 
  scaling model X2 X1 C1 C2 Y1 Y2 %Y %X %Y/%X 
(Basis)            
Blood volume (L) V_blood .0740 BW/1.056 0.0140  99.1424  0.1     
Brain volume (L)              V_brain .0083 BW/1.036 0.0016         
Liver volume (L)              V_liver .0516 BW/1.067 0.0097         
Kidney volume (L)           V_kidney .0091 BW/1.050 0.0017         
Rest of body volume (L)    V_Rest .8570 BW/1.5 0.1143         
   0.1413         
(Vblood increased 1%)            
Blood volume (L) V_blood .0747 BW/1.056 0.0140 0.0141 99.1424 99.1424 0.1 0.1 0 0.95 0 
Brain volume (L)              V_brain .0083 BW/1.036 0.0016 0.0016        
Liver volume (L)              V_liver .0516 BW/1.067 0.0097 0.0097        
Kidney volume (L)           V_kidney .0091 BW/1.050 0.0017 0.0017        
Rest of body volume (L)    V_Rest .8563 BW/1.5 0.1143 0.1141        
   0.1413 0.1413        
(Vbrain increased 1%)            
Blood volume (L) V_blood .074 BW/1.056 0.0140 0.0140        
Brain volume (L)              V_brain .00838 BW/1.036 0.0016 0.0016 99.1424 98.1959 0.1 0.10096 0.96 0.96 0.996 
Liver volume (L)              V_liver .0516 BW/1.067 0.0097 0.0097        
Kidney volume (L)           V_kidney .0091 BW/1.050 0.0017 0.0017        
Rest of body volume (L)    V_Rest .85692 BW/1.5 0.1143 0.1143        
   0.1413 0.1413        
(Vliver increased 1%)            
Blood volume (L) V_blood .074 BW/1.056 0.0140 0.0140        
Brain volume (L)              V_brain .00838 BW/1.036 0.0016 0.0016        
Liver volume (L)              V_liver .05212 BW/1.067 0.0097 0.0098 99.1424 99.1424 0.1 0.1 0 1.01 0 
Kidney volume (L)           V_kidney .0091 BW/1.050 0.0017 0.0017        
Rest of body volume (L)    V_Rest .85648 BW/1.5 0.1143 0.1142        
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   0.1413 0.1413        
            
Rat 200g     Cbrain NOAEL  SR 
  scaling model X2 X1 Rn Ra Y1 Y2 %Y %X %Y/%X 
(Vkidney increased 1%)            
Blood volume (L) V_blood .074 BW/1.056 0.0140 0.0140        
Brain volume (L)              V_brain .00838 BW/1.036 0.0016 0.0016        
Liver volume (L)              V_liver .0516 BW/1.067 0.0097 0.0097        
Kidney volume (L)           V_kidney .00919 BW/1.050 0.0017 0.0018 99.1424 99.1424 0.1 0.1 0 1 0 
Rest of body volume (L)    V_Rest .85691 BW/1.5 0.1143 0.1142        
   0.1413 0.1413        
(Vrest increased 1%)            
Blood volume (L) V_blood .06796672 BW/1.056 0.0140 0.0129        
Brain volume (L)              V_brain .00838 BW/1.036 0.0016 0.0016        
Liver volume (L)              V_liver .0516 BW/1.067 0.0097 0.0097        
Kidney volume (L)           V_kidney .0091 BW/1.050 0.0017 0.0017        
Rest of body volume (L)    V_Rest .86557 BW/1.5 0.1143 0.1154 99.1424 99.1424 0.1 0.1 0 1 0 
   0.1413 0.1413        
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Appendix D1 
 
Seafood Consumption in Thai Population: General Rate 
 
 
 
Year 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 annual 
            
Thai population # 58,010,000 59,095,415 59,460,382 60,116,182 60,816,227 61,466,178 61,661,701 61,878,746 62,308,887 62,799,872  
            
Fish (tons)            
Production  1,331,500 1,419,500 1,495,600 1,469,700 1,421,000 1,485,200 1,493,000 1,459,629 1,502,100 1,592,300 1,466,953 
Export  433,598 489,205 452,218 399,210 434,779 464,806 542,117 520,692 576,608 619,821 493,305 
Domestic 897,902 930,295 1,043,382 1,070,490 986,221 1,020,394 950,883 938,937 925,492 972,479 973,648 
Import 411,346 1,079,213 403,143 324,957 340,400 397,611 986,170 379,591 457,096 519,975 529,950 
Net consumption 1,309,248 2,009,508 1,446,525 1,395,447 1,326,621 1,418,005 1,937,053 1,318,528 1,382,588 1,492,454 1,503,598 
CR (kg/y/capita) 22.56935 34.00447 24.32754 23.21250 21.81360 23.06968 31.41420 21.30825 22.18926 23.76524 24.77 
            
Shrimp (tons)            
Production  344,400 386,500 391,500 373,900 353,900 349,300 362,300 397,700 368,900 350,500 367,890 
Export  194,176 216,816 236,782 230,718 212,417 248,351 240,551 249,653 255,568 215,144 230,018 
Domestic 150,224 169,684 154,718 143,182 141,483 100,949 121,749 148,047 113,332 135,356 137,872 
Import 9,709 16,377 16,727 9,469 17,922 18,453 34,671 22,174 28,779 33,453 20,773 
Net consumption 159,933 186,061 171,445 152,651 159,405 119,402 156,420 170,221 142,111 168,809 158,646 
CR (kg/y/capita) 2.75699 3.14848 2.88335 2.53927 2.62109 1.94256 2.53674 2.75088 2.28075 2.68805 2.61 
            
Crab (tons)            
Production  47,100 51,000 52,400 52,900 51,100 58,000 55,400 58,100 50,300 42,100 51,840 
Export  10,051 9,006 10,066 7,884 9,405 12,849 11,507 14,611 12,634 11,696 10,971 
Domestic 37,049 41,994 42,334 45,016 41,695 45,151 43,893 43,489 37,666 30,404 40,869 
Import 2,830 3,442 3,812 3,530 4,452 2,887 6,321 6,102 6,649 11,696 5,172 
Net consumption 39,879 45,436 46,146 48,546 46,147 48,038 50,214 49,591 44,315 42,100 46,041 
CR (kg/y/capita) 0.68745 0.76886 0.77608 0.80754 0.75879 0.78154 0.81435 0.80142 0.71121 0.67038 0.76 
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Year 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 annual 
            
Squid (tons)            
Production  153,300 144,400 156,400 173,200 173,600 188,100 174,400 177,500 165,400 184,800 169,110 
Export  64,839 64,344 59,744 60,963 74,349 84,926 93,775 93,198 92,376 105,181 79,370 
Domestic 88,461 80,056 96,656 112,237 99,251 103,174 80,625 84,302 73,024 79,619 89,741 
Import 19,724 38,489 30,892 31,907 27,722 17,830 55,228 26,418 74,789 30,405 35,340 
Net consumption 108,185 118,545 127,548 144,144 126,973 121,004 135,853 110,720 147,813 110,024 125,081 
CR (kg/y/capita) 1.86494 2.00599 2.14509 2.39776 2.08781 1.96863 2.20320 1.78931 2.37226 1.75198 2.06 
            
Mollusks (tons)            
Production  134,100 137,200 144,400 153,300 120,700 175,000 238,900 242,100 300,800 417,200 206,370 
Export  4,391 6,579 5,791 5,628 7,592 11,523 18,024 14,759 13,599 12,654 10,054 
Domestic 129,709 130,621 138,609 147,672 113,108 163,477 220,876 227,341 287,201 404,546 196,316 
Import 36,219 42,224 43,276 28,138 20,564 16,721 33,463 19,698 22,377 20,432 28,311 
Net consumption 165,928 172,845 181,885 175,810 133,672 180,198 254,339 247,039 309,578 424,978 224,627 
CR (kg/y/capita) 2.86033 2.92485 3.05893 2.92450 2.19797 2.93166 4.12475 3.99231 4.96844 6.76718 3.68 
            
Jellyfish (tons)            
Production         15,600         86,100        33,700        30,500        42,400        64,800         84,600      139,600        47,500        29,000      57,380 
Export           2,968           7,877          4,572          9,854          7,238          3,059           9,321          5,095          3,570          5,530        5,908 
Domestic 12,632 78,223 29,128 20,646 35,162 61,741 75,279 134,505 43,930 23,470 51,472 
Import               21                80               67               12             115               23                60             233             445             283           134 
Net consumption 12,653 78,302 29,194 20,658 35,278 61,764 75,340 134,738 44,375 23,753 51,606 
CR (kg/y/capita) 0.21812 1.32502 0.49098 0.34363 0.58007 1.00485 1.22182 2.17746 0.71218 0.37823 0.85 
            
Total seafood CR (kg/y/capita)          
          
 
Note:  1.     CR = consumption rate  
 2.     Production data were collected from the annual reports on ‘Marine fisheries’ by the Department of Fisheries, Thailand. 
 3.     Export and import data were collected from the annual reports by Office of Agricultural Economics and Customs Department, Thailand. 
 4.     The net consumption quantity and the consumption rate were particularly analyzed in this study.  
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Appendix D2 
 
Seafood Consumption in Thai Population: Proportion 
 
 
Year 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002      annual 
Consumption (%)           meam S.D. 
     Fish 72.90 76.96 72.22 72.04 72.55 72.80 74.26 64.93 66.78 65.97 71.14 3.91 
     Shrimp 8.91 7.13 8.55 7.88 8.72 6.12 6.00 8.38 6.86 7.47 7.60 1.06 
     Crab 2.23 1.74 2.32 2.51 2.53 2.46 1.91 2.44 2.14 1.86 2.21 0.29 
     Squid 6.01 4.55 6.38 7.45 6.95 6.22 5.20 5.45 7.13 4.86 6.02 0.99 
     Mollusk 9.24 6.61 9.08 9.06 7.32 9.25 9.74 12.16 14.96 18.79 10.62 3.72 
     Jellyfish 0.71 3.01 1.45 1.06 1.93 3.16 2.88 6.64 2.14 1.05 2.40 1.73 
Total seafood 100 100 100 100 100 100 100 100 100 100 100.00 0.00 
             
 
Seafood Consumption of Thailand
Shrimp 8%
     Jellyfish 2%
     Mollusc 11%
  Squid 6%
 Crab 2%
     Fish 71%
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Appendix D3 
 
Seafood Consumption in Thai Population: Age-and Gender-Specific Rates  
 
Age Male Female Whole country  Seafood consumption rate 
(year) numbers BW numbers BW numbers weight standardized Male Female 
 (#) (kg) (#) (kg) (#) (kg) (kg/y/kgBW) (kg/y) (g/d) (kg/y) (g/d) 
            
<1  377,840 7.00 355,887 6.40 733,727 4,922,554 0.694 4.86 13.31 4.44 12.17 
1 406,801 10.19 383,651 9.82 790,452 7,912,755 0.694 7.07 19.37 6.82 18.67 
2 411,308 12.54 387,673 12.09 798,981 9,844,774 0.694 8.70 23.84 8.39 22.99 
3 423,124 14.35 399,372 14.03 822,496 11,675,013 0.694 9.96 27.28 9.74 26.68 
4 442,054 15.66 417,613 15.01 859,667 13,190,931 0.694 10.87 29.78 10.42 28.54 
5 462,083 16.82 436,999 16.95 899,082 15,179,376 0.694 11.67 31.98 11.76 32.23 
6 476,872 19.27 451,315 19.73 928,187 18,093,764 0.694 13.37 36.64 13.69 37.51 
7 489,066 21.90 463,355 21.02 952,421 20,450,263 0.694 15.20 41.64 14.59 39.97 
8 495,942 23.78 469,985 23.06 965,927 22,631,350 0.694 16.50 45.21 16.00 43.85 
9 496,288 27.12 470,714 26.84 967,002 26,093,284 0.694 18.82 51.57 18.63 51.03 
10 493,784 28.54 468,395 32.10 962,179 29,128,075 0.694 19.81 54.27 22.28 61.03 
11 491,095 33.08 466,213 36.23 957,308 33,136,334 0.694 22.96 62.90 25.14 68.89 
12 487,839 38.39 463,417 39.61 951,256 37,084,071 0.694 26.64 72.99 27.49 75.31 
13 482,063 43.49 458,237 42.76 940,300 40,559,151 0.694 30.18 82.69 29.68 81.30 
14 474,169 45.20 451,432 46.95 925,601 42,627,152 0.694 31.37 85.94 32.58 89.27 
15 469,839 52.08 448,729 46.33 918,568 45,258,848 0.694 36.14 99.02 32.15 88.09 
16 471,113 53.27 450,706 47.04 921,819 46,297,390 0.694 36.97 101.29 32.65 89.44 
17 476,485 58.94 457,493 48.32 933,977 50,190,045 0.694 40.90 112.07 33.53 91.87 
18 486,285 59.90 468,792 50.23 955,077 52,675,914 0.694 41.57 113.89 34.86 95.51 
19 500,222 59.78 483,714 51.01 983,936 54,577,524 0.694 41.49 113.66 35.40 96.99 
20 510,333 59.67 495,656 51.80 1,005,988 56,126,518 0.694 41.41 113.45 35.95 98.49 
21 513,123 59.55 506,177 52.58 1,019,301 57,171,296 0.694 41.33 113.23 36.49 99.97 
22 528,035 59.44 516,583 53.36 1,044,619 58,951,314 0.694 41.25 113.02 37.03 101.46 
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Age Male Female Whole country  Seafood consumption rate 
(year) numbers BW numbers BW numbers weight standardized Male Female 
 (#) (kg) (#) (kg) (#) (kg) (kg/y/kgBW) (kg/y) (g/d) (kg/y) (g/d) 
            
23 530,462 59.69 521,056 53.55 1,051,518 59,565,848 0.694 41.42 113.49 37.16 101.82 
24 536,919 59.93 527,846 53.74 1,064,764 60,543,954 0.694 41.59 113.95 37.30 102.18 
25 542,118 60.18 534,193 53.94 1,076,311 61,439,056 0.694 41.76 114.42 37.43 102.56 
26 541,403 60.42 535,683 54.13 1,077,086 61,708,066 0.694 41.93 114.88 37.57 102.92 
27 542,675 60.67 539,464 54.32 1,082,139 62,227,752 0.694 42.10 115.36 37.70 103.28 
28 544,491 60.80 544,603 54.92 1,089,094 63,014,639 0.694 42.20 115.60 38.11 104.42 
29 544,833 60.93 547,744 55.52 1,092,577 63,607,397 0.694 42.29 115.85 38.53 105.56 
30 548,286 61.06 554,668 56.12 1,102,954 64,606,301 0.694 42.38 116.10 38.95 106.70 
31 550,710 61.19 559,866 56.72 1,110,577 65,453,580 0.694 42.47 116.34 39.36 107.85 
32 549,582 61.32 561,918 57.32 1,111,500 65,909,519 0.694 42.56 116.59 39.78 108.99 
33 554,538 61.31 570,357 57.48 1,124,895 66,782,821 0.694 42.55 116.57 39.89 109.29 
34 550,976 61.30 568,722 57.65 1,119,698 66,561,665 0.694 42.54 116.55 40.01 109.61 
35 543,332 61.29 563,264 57.81 1,106,596 65,863,098 0.694 42.54 116.53 40.12 109.92 
36 539,990 61.25 562,138 57.98 1,102,128 65,667,150 0.694 42.51 116.46 40.24 110.24 
37 537,565 61.27 561,890 58.14 1,099,455 65,604,892 0.694 42.52 116.50 40.35 110.55 
38 525,432 61.38 549,691 58.45 1,075,123 64,380,480 0.694 42.60 116.71 40.56 111.14 
39 516,104 61.48 540,596 58.76 1,056,700 63,495,508 0.694 42.67 116.90 40.78 111.72 
40 505,204 61.59 528,818 59.07 1,034,022 62,352,782 0.694 42.74 117.11 40.99 112.31 
41 492,493 61.69 515,967 59.38 1,008,460 61,020,037 0.694 42.81 117.30 41.21 112.90 
42 476,950 61.80 499,065 59.69 976,014 59,264,663 0.694 42.89 117.50 41.42 113.49 
43 458,956 61.72 481,988 59.39 940,944 56,952,044 0.694 42.83 117.35 41.22 112.92 
44 441,398 61.64 465,779 59.10 907,177 54,735,336 0.694 42.78 117.20 41.02 112.37 
45 429,149 61.55 455,120 58.80 884,269 53,175,165 0.694 42.72 117.03 40.81 111.80 
46 412,316 61.47 439,713 58.51 852,029 51,072,684 0.694 42.66 116.88 40.61 111.25 
47 390,113 61.39 418,428 58.21 808,541 48,305,708 0.694 42.60 116.73 40.40 110.68 
48 375,648 61.20 404,323 58.34 779,971 46,577,860 0.694 42.47 116.36 40.49 110.93 
49 359,580 60.99 388,467 58.47 748,047 44,644,450 0.694 42.33 115.96 40.58 111.17 
50 337,869 60.80 366,278 58.59 704,146 42,002,627 0.694 42.20 115.60 40.66 111.40 
51 320,050 60.60 346,766 58.72 666,816 39,757,130 0.694 42.06 115.22 40.75 111.65 
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Age Male Female Whole country  Seafood consumption rate 
(year) numbers BW numbers BW numbers weight standardized Male Female 
 (#) (kg) (#) (kg) (#) (kg) (kg/y/kgBW) (kg/y) (g/d) (kg/y) (g/d) 
            
52 306,597 60.40 333,323 58.85 639,920 38,134,517 0.694 41.92 114.84 40.84 111.90 
53 288,772 60.13 313,812 57.98 602,584 35,558,669 0.694 41.73 114.33 40.24 110.24 
54 271,295 59.86 295,135 57.12 566,430 33,097,819 0.694 41.54 113.82 39.64 108.61 
55 254,191 59.60 277,026 56.25 531,217 30,732,509 0.694 41.36 113.32 39.04 106.95 
56 232,450 59.33 254,246 55.38 486,696 27,871,389 0.694 41.18 112.81 38.43 105.30 
57 218,032 59.06 237,672 54.52 455,704 25,834,869 0.694 40.99 112.29 37.84 103.66 
58 202,314 59.03 222,072 54.15 424,386 23,967,773 0.694 40.97 112.24 37.58 102.96 
59 194,350 58.99 213,765 53.79 408,115 22,963,149 0.694 40.94 112.16 37.33 102.27 
60 186,121 58.96 205,578 53.42 391,699 21,955,669 0.694 40.92 112.10 37.07 101.57 
61 180,589 58.92 200,785 53.05 381,374 21,291,971 0.694 40.89 112.03 36.82 100.87 
62 174,946 58.89 195,946 52.69 370,892 20,626,954 0.694 40.87 111.97 36.57 100.18 
63 173,079 58.47 195,235 52.51 368,314 20,371,717 0.694 40.58 111.17 36.44 99.84 
64 164,469 58.05 187,474 52.33 351,943 19,357,917 0.694 40.29 110.37 36.32 99.50 
65 159,330 57.62 184,304 52.15 343,634 18,792,071 0.694 39.99 109.56 36.19 99.16 
66 152,405 57.20 177,881 51.97 330,285 17,962,009 0.694 39.70 108.76 36.07 98.81 
67 144,350 56.78 170,603 51.79 314,953 17,031,710 0.694 39.41 107.96 35.94 98.47 
68 135,643 55.89 162,452 51.05 298,095 15,874,272 0.694 38.79 106.27 35.43 97.06 
69 128,820 55.00 155,551 50.32 284,371 14,912,447 0.694 38.17 104.58 34.92 95.68 
70 118,365 54.12 145,006 49.59 263,370 13,596,720 0.694 37.56 102.90 34.42 94.29 
71 110,828 53.23 137,122 48.85 247,950 12,597,784 0.694 36.94 101.21 33.90 92.88 
72 101,072 52.34 126,730 48.12 227,802 11,388,367 0.694 36.32 99.52 33.40 91.49 
73 94,094 52.08 119,126 47.74 213,220 10,587,481 0.694 36.14 99.02 33.13 90.77 
74 83,411 51.82 107,806 47.36 191,217 9,428,048 0.694 35.96 98.53 32.87 90.05 
75 76,987 51.56 100,097 46.98 177,084 8,672,006 0.694 35.78 98.03 32.60 89.33 
76 68,279 51.30 90,435 46.60 158,714 7,717,004 0.694 35.60 97.54 32.34 88.60 
77 60,243 51.04 81,277 46.22 141,520 6,831,424 0.694 35.42 97.05 32.08 87.88 
78 52,436 50.78 71,805 45.84 124,241 5,954,250 0.694 35.24 96.55 31.81 87.16 
79 46,306 50.52 64,117 45.46 110,423 5,254,136 0.694 35.06 96.06 31.55 86.44 
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Age Male Female Whole country  Seafood consumption rate 
(year) numbers BW numbers BW numbers weight standardized Male Female 
 (#) (kg) (#) (kg) (#) (kg) (kg/y/kgBW) (kg/y) (g/d) (kg/y) (g/d) 
            
80 40,336 50.26 56,751 45.08 97,087 4,585,604 0.694 34.88 95.56 31.29 85.71 
81 35,696 50.00 50,990 44.70 86,686 4,064,063 0.694 34.70 95.07 31.02 84.99 
82 30,207 49.74 44,023 44.32 74,230 3,453,607 0.694 34.52 94.57 30.76 84.27 
83 25,890 49.48 38,522 43.94 64,412 2,973,702 0.694 34.34 94.08 30.49 83.55 
84 22,471 49.22 34,089 43.56 56,560 2,590,947 0.694 34.16 93.59 30.23 82.82 
85 19,458 48.96 30,056 43.18 49,514 2,250,489 0.694 33.98 93.09 29.97 82.10 
86 16,049 48.70 25,364 42.80 41,414 1,867,202 0.694 33.80 92.60 29.70 81.38 
87 14,308 48.44 22,838 42.42 37,145 1,661,841 0.694 33.62 92.10 29.44 80.66 
88 11,814 48.18 19,253 42.04 31,068 1,378,621 0.694 33.44 91.61 29.18 79.93 
89 9,745 47.92 15,946 41.66 25,691 1,131,298 0.694 33.26 91.11 28.91 79.21 
90 7,869 47.66 12,962 41.28 20,831 910,117 0.694 33.08 90.62 28.65 78.49 
91 6,508 47.40 10,737 40.90 17,245 747,616 0.694 32.90 90.12 28.38 77.77 
92 5,156 47.14 8,645 40.52 13,800 593,324 0.694 32.72 89.63 28.12 77.04 
93 4,311 46.88 7,138 40.14 11,449 488,616 0.694 32.53 89.14 27.86 76.32 
94 3,596 46.62 5,917 39.76 9,514 402,932 0.694 32.35 88.64 27.59 75.60 
95 3,075 46.36 5,031 39.38 8,106 340,661 0.694 32.17 88.15 27.33 74.88 
96 2,603 46.10 4,200 39.00 6,803 283,781 0.694 31.99 87.65 27.07 74.15 
97 2,337 45.84 3,595 38.62 5,932 245,952 0.694 31.81 87.16 26.80 73.43 
98 1,949 45.58 2,974 38.24 4,923 202,572 0.694 31.63 86.66 26.54 72.71 
99 1,745 45.32 2,603 37.86 4,348 177,631 0.694 31.45 86.17 26.27 71.99 
100 1,547 45.06 2,226 37.48 3,772 153,114 0.694 31.27 85.68 26.01 71.26 
>100 12,899 45.00 17,943 37.40 30,842 1,251,523 0.694 31.23 85.56 25.96 71.11 
Total     
    
60,198,949  
   
3,010,189,772      
General seafood consumption rate (kg/yr/capita) =  34.72      
General seafood consumption rate (kg/yr/kgBW) =  0.694      
 
 
Note:   Numers of males and females were averaged from the 1994- 2003 population data reported by Department of Provincial Administration,  
Thailand. 
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Appendix D4 
 
Seafood Consumption in Thai Population: Age-and Gender-Specific Rates of Each Kind of Seafood 
 
Age Male seafood consumption rate (g/d)  Age Female seafood consumption rate (g/d) 
(year) fish mollusc shrimp squid jellyfish crab  (year) fish mollusc shrimp squid jellyfish crab 
<1  9.49 1.44 1.00 0.79 0.33 0.29  <1  8.68 1.32 0.91 0.72 0.30 0.26 
1 13.82 2.09 1.45 1.14 0.47 0.42  1 13.32 2.02 1.40 1.10 0.46 0.40 
2 17.01 2.58 1.79 1.41 0.58 0.52  2 16.40 2.48 1.72 1.36 0.56 0.50 
3 19.46 2.95 2.04 1.61 0.67 0.59  3 19.03 2.88 2.00 1.58 0.65 0.58 
4 21.24 3.22 2.23 1.76 0.73 0.64  4 20.36 3.08 2.14 1.69 0.70 0.62 
5 22.81 3.46 2.40 1.89 0.78 0.69  5 22.99 3.48 2.41 1.90 0.79 0.70 
6 26.13 3.96 2.75 2.16 0.90 0.79  6 26.76 4.05 2.81 2.22 0.92 0.81 
7 29.70 4.50 3.12 2.46 1.02 0.90  7 28.51 4.32 2.99 2.36 0.98 0.86 
8 32.25 4.89 3.39 2.67 1.11 0.98  8 31.27 4.74 3.29 2.59 1.07 0.95 
9 36.78 5.57 3.86 3.05 1.26 1.11  9 36.40 5.52 3.82 3.01 1.25 1.10 
10 38.70 5.86 4.07 3.21 1.33 1.17  10 43.53 6.60 4.57 3.61 1.50 1.32 
11 44.86 6.80 4.71 3.72 1.54 1.36  11 49.13 7.44 5.16 4.07 1.69 1.49 
12 52.06 7.89 5.47 4.31 1.79 1.58  12 53.72 8.14 5.64 4.45 1.84 1.63 
13 58.98 8.94 6.20 4.89 2.03 1.79  13 57.99 8.79 6.09 4.80 1.99 1.76 
14 61.30 9.29 6.44 5.08 2.11 1.86  14 63.67 9.65 6.69 5.27 2.19 1.93 
15 70.63 10.70 7.42 5.85 2.43 2.14  15 62.83 9.52 6.60 5.20 2.16 1.90 
16 72.24 10.95 7.59 5.98 2.48 2.19  16 63.79 9.67 6.70 5.28 2.19 1.93 
17 79.93 12.11 8.40 6.62 2.75 2.42  17 65.53 9.93 6.88 5.43 2.25 1.99 
18 81.23 12.31 8.53 6.73 2.79 2.46  18 68.12 10.32 7.16 5.64 2.34 2.06 
19 81.07 12.28 8.52 6.72 2.78 2.46  19 69.18 10.48 7.27 5.73 2.38 2.10 
20 80.92 12.26 8.50 6.70 2.78 2.45  20 70.25 10.64 7.38 5.82 2.41 2.13 
21 80.76 12.24 8.48 6.69 2.77 2.45  21 71.31 10.80 7.49 5.91 2.45 2.16 
22 80.61 12.21 8.47 6.68 2.77 2.44  22 72.36 10.96 7.60 5.99 2.49 2.19 
23 80.95 12.27 8.50 6.70 2.78 2.45  23 72.62 11.00 7.63 6.02 2.49 2.20 
24 81.27 12.31 8.54 6.73 2.79 2.46  24 72.88 11.04 7.66 6.04 2.50 2.21 
  263
Age Male seafood consumption rate (g/d)  Age Female seafood consumption rate (g/d) 
(year) fish mollusc shrimp squid jellyfish crab  (year) fish mollusc shrimp squid jellyfish crab 
25 81.61 12.37 8.57 6.76 2.80 2.47  25 73.15 11.08 7.68 6.06 2.51 2.22 
26 81.94 12.42 8.61 6.79 2.81 2.48  26 73.41 11.12 7.71 6.08 2.52 2.22 
27 82.28 12.47 8.64 6.81 2.83 2.49  27 73.67 11.16 7.74 6.10 2.53 2.23 
28 82.45 12.49 8.66 6.83 2.83 2.50  28 74.48 11.28 7.82 6.17 2.56 2.26 
29 82.63 12.52 8.68 6.84 2.84 2.50  29 75.29 11.41 7.91 6.24 2.59 2.28 
30 82.81 12.55 8.70 6.86 2.84 2.51  30 76.11 11.53 8.00 6.30 2.61 2.31 
31 82.98 12.57 8.72 6.87 2.85 2.51  31 76.92 11.65 8.08 6.37 2.64 2.33 
32 83.16 12.60 8.74 6.89 2.86 2.52  32 77.74 11.78 8.17 6.44 2.67 2.36 
33 83.15 12.60 8.73 6.89 2.86 2.52  33 77.95 11.81 8.19 6.46 2.68 2.36 
34 83.13 12.60 8.73 6.89 2.86 2.52  34 78.18 11.85 8.21 6.48 2.69 2.37 
35 83.12 12.59 8.73 6.88 2.85 2.52  35 78.40 11.88 8.24 6.49 2.69 2.38 
36 83.07 12.59 8.73 6.88 2.85 2.52  36 78.63 11.91 8.26 6.51 2.70 2.38 
37 83.09 12.59 8.73 6.88 2.85 2.52  37 78.85 11.95 8.28 6.53 2.71 2.39 
38 83.24 12.61 8.74 6.89 2.86 2.52  38 79.27 12.01 8.33 6.57 2.72 2.40 
39 83.38 12.63 8.76 6.91 2.86 2.53  39 79.69 12.07 8.37 6.60 2.74 2.41 
40 83.53 12.66 8.77 6.92 2.87 2.53  40 80.11 12.14 8.42 6.64 2.75 2.43 
41 83.66 12.68 8.79 6.93 2.87 2.54  41 80.53 12.20 8.46 6.67 2.77 2.44 
42 83.81 12.70 8.80 6.94 2.88 2.54  42 80.95 12.27 8.50 6.70 2.78 2.45 
43 83.70 12.68 8.79 6.93 2.87 2.54  43 80.54 12.20 8.46 6.67 2.77 2.44 
44 83.59 12.67 8.78 6.92 2.87 2.53  44 80.15 12.14 8.42 6.64 2.75 2.43 
45 83.47 12.65 8.77 6.91 2.87 2.53  45 79.74 12.08 8.38 6.60 2.74 2.42 
46 83.36 12.63 8.76 6.90 2.86 2.53  46 79.35 12.02 8.34 6.57 2.73 2.40 
47 83.25 12.61 8.75 6.90 2.86 2.52  47 78.94 11.96 8.29 6.54 2.71 2.39 
48 83.00 12.58 8.72 6.87 2.85 2.52  48 79.12 11.99 8.31 6.55 2.72 2.40 
49 82.71 12.53 8.69 6.85 2.84 2.51  49 79.29 12.01 8.33 6.57 2.72 2.40 
50 82.45 12.49 8.66 6.83 2.83 2.50  50 79.46 12.04 8.35 6.58 2.73 2.41 
51 82.18 12.45 8.63 6.81 2.82 2.49  51 79.63 12.07 8.37 6.60 2.73 2.41 
52 81.91 12.41 8.60 6.78 2.81 2.48  52 79.81 12.09 8.38 6.61 2.74 2.42 
53 81.55 12.36 8.57 6.75 2.80 2.47  53 78.63 11.91 8.26 6.51 2.70 2.38 
54 81.18 12.30 8.53 6.72 2.79 2.46  54 77.46 11.74 8.14 6.42 2.66 2.35 
55 80.83 12.25 8.49 6.69 2.78 2.45  55 76.28 11.56 8.01 6.32 2.62 2.31 
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Age Male seafood consumption rate (g/d)  Age Female seafood consumption rate (g/d) 
(year) fish mollusc shrimp squid jellyfish crab  (year) fish mollusc shrimp squid jellyfish crab 
56 80.46 12.19 8.45 6.66 2.76 2.44  56 75.10 11.38 7.89 6.22 2.58 2.28 
57 80.10 12.14 8.41 6.63 2.75 2.43  57 73.94 11.20 7.77 6.12 2.54 2.24 
58 80.05 12.13 8.41 6.63 2.75 2.43  58 73.44 11.13 7.71 6.08 2.52 2.23 
59 80.00 12.12 8.40 6.63 2.75 2.42  59 72.95 11.05 7.66 6.04 2.51 2.21 
60 79.96 12.12 8.40 6.62 2.75 2.42  60 72.45 10.98 7.61 6.00 2.49 2.20 
61 79.91 12.11 8.39 6.62 2.74 2.42  61 71.94 10.90 7.56 5.96 2.47 2.18 
62 79.86 12.10 8.39 6.62 2.74 2.42  62 71.46 10.83 7.51 5.92 2.45 2.17 
63 79.29 12.01 8.33 6.57 2.72 2.40  63 71.21 10.79 7.48 5.90 2.45 2.16 
64 78.73 11.93 8.27 6.52 2.70 2.39  64 70.97 10.75 7.46 5.88 2.44 2.15 
65 78.14 11.84 8.21 6.47 2.68 2.37  65 70.72 10.72 7.43 5.86 2.43 2.14 
66 77.57 11.75 8.15 6.43 2.66 2.35  66 70.48 10.68 7.40 5.84 2.42 2.14 
67 77.00 11.67 8.09 6.38 2.64 2.33  67 70.24 10.64 7.38 5.82 2.41 2.13 
68 75.80 11.48 7.96 6.28 2.60 2.30  68 69.23 10.49 7.27 5.73 2.38 2.10 
69 74.59 11.30 7.84 6.18 2.56 2.26  69 68.24 10.34 7.17 5.65 2.34 2.07 
70 73.40 11.12 7.71 6.08 2.52 2.22  70 67.25 10.19 7.06 5.57 2.31 2.04 
71 72.19 10.94 7.58 5.98 2.48 2.19  71 66.25 10.04 6.96 5.49 2.28 2.01 
72 70.98 10.75 7.46 5.88 2.44 2.15  72 65.26 9.89 6.86 5.41 2.24 1.98 
73 70.63 10.70 7.42 5.85 2.43 2.14  73 64.74 9.81 6.80 5.36 2.22 1.96 
74 70.28 10.65 7.38 5.82 2.41 2.13  74 64.23 9.73 6.75 5.32 2.21 1.95 
75 69.92 10.59 7.35 5.79 2.40 2.12  75 63.71 9.65 6.69 5.28 2.19 1.93 
76 69.57 10.54 7.31 5.76 2.39 2.11  76 63.20 9.58 6.64 5.23 2.17 1.92 
77 69.22 10.49 7.27 5.73 2.38 2.10  77 62.68 9.50 6.58 5.19 2.15 1.90 
78 68.87 10.43 7.23 5.70 2.37 2.09  78 62.17 9.42 6.53 5.15 2.14 1.88 
79 68.51 10.38 7.20 5.67 2.35 2.08  79 61.65 9.34 6.48 5.11 2.12 1.87 
80 68.16 10.33 7.16 5.65 2.34 2.07  80 61.14 9.26 6.42 5.06 2.10 1.85 
81 67.81 10.27 7.12 5.62 2.33 2.05  81 60.62 9.18 6.37 5.02 2.08 1.84 
82 67.46 10.22 7.09 5.59 2.32 2.04  82 60.11 9.11 6.31 4.98 2.06 1.82 
83 67.10 10.17 7.05 5.56 2.30 2.03  83 59.59 9.03 6.26 4.94 2.05 1.81 
84 66.75 10.11 7.01 5.53 2.29 2.02  84 59.07 8.95 6.21 4.89 2.03 1.79 
85 66.40 10.06 6.98 5.50 2.28 2.01  85 58.56 8.87 6.15 4.85 2.01 1.77 
86 66.05 10.01 6.94 5.47 2.27 2.00  86 58.04 8.79 6.10 4.81 1.99 1.76 
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Age Male seafood consumption rate (g/d)  Age Female seafood consumption rate (g/d) 
(year) fish mollusc shrimp squid jellyfish crab  (year) fish mollusc shrimp squid jellyfish crab 
87 65.69 9.95 6.90 5.44 2.26 1.99  87 57.53 8.72 6.04 4.76 1.98 1.74 
88 65.34 9.90 6.86 5.41 2.24 1.98  88 57.01 8.64 5.99 4.72 1.96 1.73 
89 64.99 9.85 6.83 5.38 2.23 1.97  89 56.50 8.56 5.94 4.68 1.94 1.71 
90 64.63 9.79 6.79 5.35 2.22 1.96  90 55.98 8.48 5.88 4.64 1.92 1.70 
91 64.28 9.74 6.75 5.32 2.21 1.95  91 55.47 8.40 5.83 4.59 1.90 1.68 
92 63.93 9.69 6.72 5.30 2.20 1.94  92 54.95 8.33 5.77 4.55 1.89 1.67 
93 63.58 9.63 6.68 5.27 2.18 1.93  93 54.44 8.25 5.72 4.51 1.87 1.65 
94 63.22 9.58 6.64 5.24 2.17 1.92  94 53.92 8.17 5.66 4.47 1.85 1.63 
95 62.87 9.53 6.60 5.21 2.16 1.91  95 53.41 8.09 5.61 4.42 1.83 1.62 
96 62.52 9.47 6.57 5.18 2.15 1.89  96 52.89 8.01 5.56 4.38 1.82 1.60 
97 62.17 9.42 6.53 5.15 2.14 1.88  97 52.38 7.94 5.50 4.34 1.80 1.59 
98 61.81 9.37 6.49 5.12 2.12 1.87  98 51.86 7.86 5.45 4.30 1.78 1.57 
99 61.46 9.31 6.46 5.09 2.11 1.86  99 51.34 7.78 5.39 4.25 1.76 1.56 
100 61.11 9.26 6.42 5.06 2.10 1.85  100 50.83 7.70 5.34 4.21 1.75 1.54 
>100 61.03 9.25 6.41 5.05 2.10 1.85  >100 50.72 7.68 5.33 4.20 1.74 1.54 
 
 
Note:  Consumption rates are analzed from the data reported by the Department of Fisheries and Office of Agricultural Economics and Customs 
Department, Thailand. 
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Appendix E1 
 
Equations for Release Assessment STELLA ® Model 
 
 
 
powerplant_HgII(t) = powerplant_HgII(t - dt) + (HgII_in - HgII_out) * dt 
INIT powerplant_HgII = 0  {mg} 
INFLOWS: HgII_in = HgII_in_flue_gas 
OUTFLOWS: HgII_out = powerplant_HgII 
annual_load_factor = .856 
Cl_in_coal = 299.26 {ppm, dry} 
coal__burned = gross_electricity_in_kJ_per_sec/(heating_value_of_coal*thermal_efficiency)  {kgcoal/s} 
conversion_factor_to_kJ_per_sec = 1000 
fraction_of_Hg0 = 0.85  fraction_of_HgII = 0.14997 
fraction_of_Hgp = .00003  fraction_of_HgT_in_emitted_flue_gas = 1-HgT_removal__efficiency_by_cESP_&_wFGD 
fraction_of_operation__@base_load = 21/24 
fraction_of_operation___@peak_load = 3/24 
gross_capacity_of_MWe_generation__@_peak_load_p_unit = 730  {MWe} 
gross_capacity_of__MWe_generation__@baseload_per_unit = 717  {MWe} 
gross_electricity_in_kJ_per_sec = gross_electricity__generation_in_MW*conversion_factor_to_kJ_per_sec  {kJ/s} 
gross_electricity__generation_in_MW = (gross_MWe__generation_at_base_load+gross_MWe_generation__at_peak_load)*annual_load_factor  {MW} 
gross_MWe_generation__at_peak_load = 
gross_capacity_of_MWe_generation__@_peak_load_p_unit*numbers_of__operation_unit*fraction_of_operation___@peak_load  {MW} 
gross_MWe__generation_at_base_load = 
gross_capacity_of__MWe_generation__@baseload_per_unit*numbers_of__operation_unit*fraction_of_operation__@base_load  {MWe} 
heating_value_of_coal = 27603.78    {kJ/kgcoal} 
Hg0_in_flue_gas = HgT_in_flue_gas*fraction_of_Hg0  {mg/s} HgII_in_flue_gas = HgT_in_flue_gas*fraction_of_HgII  {mg/s} 
Hgp_in_flue_gas = HgT_in_flue_gas*fraction_of_Hgp  {mg/s} 
HgT_in_flue_gas = Hg_in_coal*coal__burned*fraction_of_HgT_in_emitted_flue_gas  {mg/s} 
HgT_removal__efficiency_by_cESP_&_wFGD = 1-exp(-0.2559-2.3343E-5*(100*Cl_in_coal/S_in_coal)) 
Hg_in_coal = 0.0649  {mg/kg coal}   numbers_of__operation_unit = 2  
S_in_coal = 0.559 {wt %}    thermal_efficiency = .4 
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Appendix E2 
Equations and Descriptions for Atmospheric Transport STELLA® Models 
 
 
Equation:  
 
C1A = (1.52*S/x)*R1A*1E6 {ng/m3}  C2A = (1.52*S/x)*R2A*1E6 {ng/m3} 
C3A = (1.52*S/x)*R3A*1E6 {ng/m3}  C4A = (1.52*S/x)*R4A*1E6 {ng/m3} 
C5A = (1.52*S/x)*R5A*1E6 {ng/m3}  CA = C1A+C2A+C3A+C4A+C5A {ng/m3} 
E1A = EXP(-(he1A^2)/(2*(zA^2)))  E2A = EXP(-(he2A^2)/(2*(zA^2))) 
E3A = EXP(-(he3A^2)/(2*(zA^2)))  E4A = EXP(-(he4A^2)/(2*(zA^2))) 
E5A = EXP(-(he5A^2)/(2*(zA^2)))  f1A = 0.0007 
f2A = 0  f3A = 0 
f4A = 0  f5A = 0 
he1A = hs+(kpr/u1A)  {m}   he2A = hs+(kpr/u2A)  {m} 
he3A = hs+(kpr/u3A)  {m}   he4A = hs+(kpr/u4A)  {m} 
he5A = hs+(kpr/u5A)  {m}   ho = 12 {m} 
hs = 200 {m} 
kpr = 603.22 
pA = 0.10 
R1A = (f1A*E1A)/(u1A*zA)    R2A = (f2A*E2A)/(u2A*zA) 
R3A = (f3A*E3A)/(u3A*zA)   R4A = (f4A*E4A)/(u4A*zA) 
R5A = (f5A*E5A)/(u5A*zA)   S = 0.2406  {mg/s} 
u1A = ((hs/ho)^pA)*uo1  {m/s}   u2A = ((hs/ho)^pA)*uo2  {m/s} 
u3A = ((hs/ho)^pA)*uo3  {m/s}   uo1 = .9 {m/s} 
uo2 = 2.45  {m/s}    uo3 = 4.4  {m/s}   
uo4 = 6.7  {m/s}     uo5 = 9.35  {m/s} 
x = 4000 {m}     zA = 0.20*x  {m} 
 
Description: 
 
C1A = concentration of mercury under wind speed group1 (0.9 m/s) and stability class A. 
C2A = concentration of mercury under wind speed group2 (2.45 m/s) and stability class A. 
C3A = concentration of mercury under wind speed group3 (4.4 m/s) and stability class A. 
  268
C4A = concentration of mercury under wind speed group4 (6.7 m/s) and stability class A. 
C5A = concentration of mercury under wind speed group1 (9.35 m/s) and stability class A. 
CA = concentration of mercury in atmospheric stability class A. 
 
E1A = exponential term in a concentration model under wind speed group 1 in stability class A. 
E2A = exponential term in a concentration model under wind speed group 2 in stability class A. 
E3A = exponential term in a concentration model under wind speed group 3 in stability class A. 
E4A = exponential term in a concentration model under wind speed group 4 in stability class A. 
E5A = exponential term in a concentration model under wind speed group 5 in stability class A. 
 
f1A = wind frequency under wind speed group 1 in stability class A. 
f2A = wind frequency under wind speed group 2 in stability class A. 
f3A = wind frequency under wind speed group 3 in stability class A. 
f4A = wind frequency under wind speed group 4 in stability class A. 
f5A = wind frequency under wind speed group 5 in stability class A. 
 
he1A = effective height at wind speed group 1 under atmospheric stability class A. 
he2A = effective height at wind speed group 2 under atmospheric stability class A. 
he3A = effective height at wind speed group 3 under atmospheric stability class A. 
he4A = effective height at wind speed group 4 under atmospheric stability class A. 
he5A = effective height at wind speed group 5 under atmospheric stability class A. 
 
ho = the level of wind measurement or the reference height = 12 m. 
hs = stack height {m} = 200 m. 
 
kpr = {vs*Ds)*[1.5+(2.68E-3*P*Ds)*[(Ts-Ta)/Ts]} 
vs = stack velocity, Ds = stack diameter, P= ambient pressure, Ts=stack temperature, Ta = ambient temperature. Here, vs = 22.3 m/s, Ds=6.8 m, P=1013 
millibars, Ts= 350.15 K, Ta= 303.15 K, and makes kpr= 603.22 {m3 *millibars/s}. This is constant for the MTP power plant situation in every stability 
class. 
 
pA = the wind profile power = 0.10 for stability class A. 
R1A = term in a concentration model for wind speed group 1 in stability class A. 
R2A = term in a concentration model for wind speed group 2 in stability class A. 
R3A = term in a concentration model for wind speed group 3 in stability class A. 
R4A = term in a concentration model for wind speed group 4 in stability class A. 
R5A = term in a concentration model for wind speed group 5 in stability class A. 
s = source term or emission rate of HgII, here = 0.2406 mg/s for 1400 MW. 
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u1A = wind speed at the release level corresponding to wind speed at the measurement level uo1, under the atmospheric stability class A. 
u2A = wind speed at the release level corresponding to wind speed at the measurement level uo2, under the atmospheric stability class A. 
u3A = wind speed at the release level corresponding to wind speed at the measurement level uo3, under the atmospheric stability class A. 
u4A = wind speed at the release level corresponding to wind speed at the measurement level uo4, under the atmospheric stability class A. 
u5A = wind speed at the release level corresponding to wind speed at the measurement level uo5, under the atmospheric stability class A. 
uo1 = wind speed group 1 at the measurement level. Here is 0.9 m/s. 
uo2 = wind speed group 2 at the measurement level. Here is 2.45 m/s. 
uo3 = wind speed group 3 at the measurement level. Here is 4.4 m/s. 
uo4 = wind speed group 4 at the measurement level. Here is 6.7 m/s. 
uo5 = wind speed group 5 at the measurement level. Here is 9.35 m/s. 
x = distance from stack (m). Here is 4000 m in the NNE. 
 
zA = the vertical dispersion coefficient for stability class A (m). 
 
 
Note: The model is for a transport assessment in one atmospheric stability class. 
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Appendix E3 
 
Frequencies of Winds Blowing to the Study Area 
 
 
 
  wind speed (m/s)  
  0.3 - 1.5 1.6 - 3.3 3.4 - 5.4 5.5 - 7.9 8.0 - 10.7  
wind  0.9 2.45 4.4 6.7 9.35 Total 
source, Stability obs. f0.9,k obs. f2.45,k obs. f4.4,k obs. f6.7,k obs. f9.35,k obs. 
º from N class, j (h)   (h)   (h)   (h)   (h)   (h) 
 
N, 0 A-F 220  60  34  0  0  314 
 A 5.94 0.0007 0 0.0000 0 0.0000 0 0.0000 0 0.0000  
 B 104.06 0.0119 16.2 0.0018 0.918 0.0001 0 0.0000 0 0.0000  
 C 0 0.0000 13.8 0.0016 16.082 0.0018 0 0.0000 0 0.0000  
 D 0 0.0000 0 0.0000 11.39 0.0013 0 0.0000 0 0.0000  
 E 73.7 0.0084 20.1 0.0023 5.61 0.0006 0 0.0000 0 0.0000  
  F 36.3 0.0041 9.9 0.0011 0 0.0000 0 0.0000 0 0.0000   
 
NNE, 30 A-F 200  60  65  0  0  325 
 A 5.4 0.0006 0 0.0000 0 0.0000 0 0.0000 0 0.0000  
 B 94.6 0.0108 16.2 0.0018 1.755 0.0002 0 0.0000 0 0.0000  
 C 0 0.0000 13.8 0.0016 30.745 0.0035 0 0.0000 0 0.0000  
 D 0 0.0000 0 0.0000 21.775 0.0025 0 0.0000 0 0.0000  
 E 67 0.0076 20.1 0.0023 10.725 0.0012 0 0.0000 0 0.0000  
  F 33 0.0038 9.9 0.0011 0 0.0000 0 0.0000 0 0.0000   
 
ENE, 60 A-F 130  40  17  0  0  187 
 A 3.51 0.0004 0 0.0000 0 0.0000 0 0.0000 0 0.0000  
 B 61.49 0.0070 10.8 0.0012 0.459 0.0001 0 0.0000 0 0.0000  
 C 0 0.0000 9.2 0.0011 8.041 0.0009 0 0.0000 0 0.0000  
 D 0 0.0000 0 0.0000 5.695 0.0007 0 0.0000 0 0.0000  
 E 43.55 0.0050 13.4 0.0015 2.805 0.0003 0 0.0000 0 0.0000  
  F 21.45 0.0024 6.6 0.0008 0 0.0000 0 0.0000 0 0.0000   
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  wind speed (m/s)  
  0.3 - 1.5 1.6 - 3.3 3.4 - 5.4 5.5 - 7.9 8.0 - 10.7  
wind  0.9 2.45 4.4 6.7 9.35 Total 
source, Stability obs. f0.9,k obs. f2.45,k obs. f4.4,k obs. f6.7,k obs. f9.35,k obs. 
º from N class, j (h)   (h)   (h)   (h)   (h)   (h) 
             
E, 90 A-F 125  30  20  0  0  175 
 A 3.375 0.0004 0 0.0000 0 0.0000 0 0.0000 0 0.0000  
 B 59.125 0.0067 8.1 0.0009 0.54 0.0001 0 0.0000 0 0.0000  
 C 0 0.0000 6.9 0.0008 9.46 0.0011 0 0.0000 0 0.0000  
 D 0 0.0000 0 0.0000 6.7 0.0008 0 0.0000 0 0.0000  
 E 41.875 0.0048 10.1 0.0011 3.3 0.0004 0 0.0000 0 0.0000  
  F 20.625 0.0024 5.0 0.0006 0 0.0000 0 0.0000 0 0.0000   
 
ESE, 120 A-F 220  80  115  25  0  440 
 A 5.94 0.0007 0 0.0000 0 0.0000 0 0.0000 0 0.0000  
 B 104.06 0.0119 21.6 0.0025 3.105 0.0004 0 0.0000 0 0.0000  
 C 0 0.0000 18.4 0.0021 54.395 0.0062 0.675 0.0001 0 0.0000  
 D 0 0.0000 0 0.0000 38.525 0.0044 24.325 0.0028 0 0.0000  
 E 73.7 0.0084 26.8 0.0031 18.975 0.0022 0 0.0000 0 0.0000  
  F 36.3 0.0041 13.2 0.0015 0 0.0000 0 0.0000 0 0.0000   
 
SSE, 150 A-F 730  290  168  17  0  1205 
 A 19.71 0.0023 0 0.0000 0 0.0000 0 0.0000 0 0.0000  
 B 345.29 0.0394 78.3 0.0089 4.536 0.0005 0 0.0000 0 0.0000  
 C 0 0.0000 66.7 0.0076 79.464 0.0091 0.459 0.0001 0 0.0000  
 D 0 0.0000 0 0.0000 56.28 0.0064 16.541 0.0019 0 0.0000  
 E 244.55 0.0279 97.2 0.0111 27.72 0.0032 0 0.0000 0 0.0000  
  F 120.45 0.0138 47.9 0.0055 0 0.0000 0 0.0000 0 0.0000   
 
S, 180 A-F 750  375  157  17  0  1299 
 A 20.25 0.0023 0 0.0000 0 0.0000 0 0.0000 0 0.0000  
 B 354.75 0.0405 101.25 0.0116 4.239 0.0005 0 0.0000 0 0.0000  
 C 0 0.0000 86.25 0.0098 74.261 0.0085 0.459 0.0001 0 0.0000  
 D 0 0.0000 0 0.0000 52.595 0.0060 16.541 0.0019 0 0.0000  
 E 251.25 0.0287 125.6 0.0143 25.905 0.0030 0 0.0000 0 0.0000  
  272
  wind speed (m/s)  
  0.3 - 1.5 1.6 - 3.3 3.4 - 5.4 5.5 - 7.9 8.0 - 10.7  
wind  0.9 2.45 2.45 4.4 6.7 9.35 Total 
source, Stability obs. f0.9,k obs. f2.45,k obs. f4.4,k obs. f6.7,k obs. f9.35,k obs. 
º from N class, j (h)   (h)   (h)   (h)   (h)   (h) 
             
  F 123.75 0.0141 61.9 0.0071 0 0.0000 0 0.0000 0 0.0000   
 
SSW, 210 A-F 875  543  752  330  105  2605 
 A 23.625 0.0027 0 0.0000 0 0.0000 0 0.0000 0 0.0000  
 B 413.875 0.0472 146.61 0.0167 20.304 0.0023 0 0.0000 0 0.0000  
 C 0 0.0000 124.89 0.0143 355.7 0.0406 8.91 0.0010 2.835 0.0003  
 D 0 0.0000 0 0.0000 251.92 0.0288 321.09 0.0367 102.17 0.0117  
 E 293.125 0.0335 181.9 0.0208 124.08 0.0142 0 0.0000 0 0.0000  
  F 144.375 0.0165 89.6 0.0102 0 0.0000 0 0.0000 0 0.0000   
 
WSW, 240 A-F 420  170  445  285  98  1418 
 A 11.34 0.0013 0 0.0000 0 0.0000 0 0.0000 0 0.0000  
 B 198.66 0.0227 45.9 0.0052 12.015 0.0014 0 0.0000 0 0.0000  
 C 0 0.0000 39.1 0.0045 210.49 0.0240 7.695 0.0009 2.646 0.0003  
 D 0 0.0000 0 0.0000 149.08 0.0170 277.31 0.0317 95.354 0.0109  
 E 140.7 0.0161 57.0 0.0065 73.425 0.0084 0 0.0000 0 0.0000  
  F 69.3 0.0079 28.1 0.0032 0 0.0000 0 0.0000 0 0.0000   
 
W, 270 A-F 85  40  31  19  4  179 
 A 2.295 0.0003 0 0.0000 0 0.0000 0 0.0000 0 0.0000  
 B 40.205 0.0046 10.8 0.0012 0.837 0.0001 0 0.0000 0 0.0000  
 C 0 0.0000 9.2 0.0011 14.663 0.0017 0.513 0.0001 0.108 0.0000  
 D 0 0.0000 0 0.0000 10.385 0.0012 18.487 0.0021 3.892 0.0004  
 E 28.475 0.0033 13.4 0.0015 5.115 0.0006 0 0.0000 0 0.0000  
  F 14.025 0.0016 6.6 0.0008 0 0.0000 0 0.0000 0 0.0000   
 
WNW, 300 A-F 85  25  0  0  0  110 
 A 2.295 0.0003 0 0.0000 0 0.0000 0 0.0000 0 0.0000  
 B 40.205 0.0046 6.75 0.0008 0 0.0000 0 0.0000 0 0.0000  
 C 0 0.0000 5.75 0.0007 0 0.0000 0 0.0000 0 0.0000  
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  wind speed (m/s)  
  0.3 - 1.5 1.6 - 3.3 3.4 - 5.4 5.5 - 7.9 8.0 - 10.7  
wind  0.9 2.45 4.4 6.7 9.35 Total 
source, Stability obs. f0.9,k obs. f2.45,k obs. f4.4,k obs. f6.7,k obs. f9.35,k obs. 
º from N class, j (h)   (h)   (h)   (h)   (h)   (h) 
             
 D 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000  
 E 28.475 0.0033 8.4 0.0010 0 0.0000 0 0.0000 0 0.0000  
  F 14.025 0.0016 4.1 0.0005 0 0.0000 0 0.0000 0 0.0000   
 
NNW, 330 A-F 85  25  0  0  0  110 
 A 2.295 0.0003 0 0.0000 0 0.0000 0 0.0000 0 0.0000  
 B 40.205 0.0046 6.75 0.0008 0 0.0000 0 0.0000 0 0.0000  
 C 0 0.0000 5.75 0.0007 0 0.0000 0 0.0000 0 0.0000  
 D 0 0.0000 0 0.0000 0 0.0000 0 0.0000 0 0.0000  
 E 28.475 0.0033 8.38 0.0010 0 0.0000 0 0.0000 0 0.0000  
  F 14.025 0.0016 4.13 0.0005 0 0.0000 0 0.0000 0 0.0000   
             
  3925  1738  1804  693  207  8367 
           calm 393  
           total 8760 
             
 
Note:      The analysis was done using the annual observations at Rayong meteorological station from 1991 to 1995. 
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Appendix E4 
Equations for STELLA® Aquatic Fate Model 
 
 
 
Example of an estimation of total future concentrations of Hg2+ and MeHg in MTP seawater and sediment from a deposition of Hg2+ at 3 km in the 
north-northest to the proposed 2,800 MW coal-fired power plant   
 
 
Hg2_sediment(t) = Hg2_sediment(t - dt) + (in4 - out4) * dt 
INIT Hg2_sediment = 0  {ug/m3 sd} 
 
INFLOWS:  in4 = adsorption&_sedimentation1+demethylation2 
OUTFLOWS:  out4 = desorption&_resuspension1+methylation2+reduction2 
Hg2_water(t) = Hg2_water(t - dt) + (in1 - out1) * dt 
INIT Hg2_water = 0  {ug/m3} 
  
INFLOWS: in1 = demethylation1+deposited_Hg2+desorption&_resuspension1 
OUTFLOWS: out1 = adsorption&_sedimentation1+methylation1+reduction1 
MeHg_sediment(t) = MeHg_sediment(t - dt) + (in3 - out3) * dt 
INIT MeHg_sediment = 0  {ug/m3 sd} 
 
INFLOWS: in3 = adsorption&_sedimentation2+methylation2 
OUTFLOWS: out3 = demethylation2+desorption&_resuspension2+methylation4 
MeHg_water(t) = MeHg_water(t - dt) + (in2 - out2) * dt 
INIT MeHg_water = 0  {ug/m3} 
 
INFLOWS: in2 = desorption&_resuspension2+methylation1 
OUTFLOWS: out2 = adsorption&_sedimentation2+demethylation1+methylation3 
adsorption&_sedimentation1 = Kd1*Hg2_water*SS*Sd_rate*(1/Z_of_bay)   {ug/m3/d} 
adsorption&_sedimentation2 = Kd2*MeHg_water*SS*Sd_rate*(1/Z_of_bay)   {ug/m3/d} 
ambient_Hg2_sd = ambient_ug_HgT_g_sd*.99 
ambient_Hg2_w_L = ambient_ug_HgT_L_water*(.9)  {ug/L} 
ambient_MeHg_sd = ambient_ug_HgT_g_sd*(0.01)   {ug/g} 
ambient_MeHg_w = ambient_ug_HgT_L_water*(.1)  {ug/L} 
ambient_ug_HgT_g_sd = 0.04  {ug/g sd} 
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ambient_ug_HgT_L_water = (0.052)   {ug/L} 
demethylation1 = kdm1*MeHg_water  {ug/m3/d} 
demethylation2 = kdm2*MeHg_sediment    {ug/m3/d} 
deposited_Hg2 = deposition__flux_of_Hg2/depth_of_bay  {ug/m3/d} 
deposition__flux_of_Hg2 = 98.9948  {ug/m2/d} 
depth_of_bay = MEAN(15,20)  {m} 
desorption&_resuspension1 = fds1*Hg2_sediment  {ug/m3/d} 
desorption&_resuspension2 = fds2*MeHg_sediment  {ug/m3/d} 
fds1 = .24/365  {/d} fds2 = .24/365  {/d} 
Hg2_sd_total = ambient_Hg2_sd+ug_Hg2_g_sediment 
Hg2_w_total = ambient_Hg2_w_L+ug_Hg2_L_water   {ug/L} 
HgT_sd_total = Hg2_sd_total+MeHg_sd_total 
HgT_w_total = Hg2_w_total+MeHg_w_total 
Kd1 = MEAN(3.3,60)  {m3/kg} 
Kd2 = MEAN(7.3,10)  {m3/kg} 
kdm1 = .235  {/d} kdm2 = .155  {/d} 
km1 = .045  {/d}  km2 = .058  {/d} 
km3 = .004  {/d}  km4 = 5.4E-7  {/d} 
krd1 = .037  {/d}  krd2 = 2.16E-6  {/d} 
MeHg_sd_total = ambient_MeHg_sd+ug_MeHg_g_sediment 
MeHg_w_total = ambient_MeHg_w+ug_MeHg_L_water  {ug/L} 
methylation1 = km1*Hg2_water  {ug/m3/d} 
methylation2 = km2*Hg2_sediment  {ug/m3} 
methylation3 = km3*MeHg_water  {ug/m3/d} 
methylation4 = km4*MeHg_sediment  {ug/m3/d} 
reduction1 = Hg2_water*krd1  {ug/m3/d} 
reduction2 = krd2*Hg2_sediment  {ug/m3/d} 
Sd_rate = (MEAN(0.21E-2,0.66E-2))/365  {m/d} 
SS = MEAN(0.5E-3,4.2E-3)  {kg/m3} 
ug_Hg2_g_sediment = (Hg2_sediment)/(0.225E6)   {ug/g sd} 
ug_Hg2_L_water = Hg2_water/1000/365 {ug/L} 
ug_MeHg_g_sediment = MeHg_sediment/0.225E6  {ug/g sd} 
ug_MeHg_L_water = MeHg_water/1000 {ug/L} 
Z_of_bay = MEAN(15,20)  {m} 
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